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Lay Abstract

Activated carbon refers to a broad range of porous solids that find application in various
industries, particularly for purification processes. Primarily produced from coal, there is a
growing demand for finding sustainable alternatives. In this work, an attempt was made
to produce activated carbon from polysaccharides (starch and pectin), which are naturally
abundant bio-polymers. This thesis investigates 1) Comparative study between PGX
processed and unprocessed polymers (starch and pectin) for the production of activated
carbon. 2) Optimization study for manufacturing of high surface area activated carbon
from pectin. Gas sorption measurements and SEM analysis revealed that while starch was
unsuitable for production of activated carbon, high surface area carbon can be produced
using chemically activated pectin. The carbon produced had a high degree of
microporosity and preliminary adsorption tests for removal of heavy metal ions from

water revealed promising adsorption capacities.
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Abstract

This thesis investigates the feasibility of producing activated carbon from
polysaccharides. Activated carbons are high surface area solids with rich surface
functionality and as a result, find use in a variety of industrial separation processes. The
market for activated carbon is already established and growing but there is a huge push to
find sustainable alternatives for the raw material used for its production, which is
primarily coal. While there exists a significant amount of research on agricultural residues
as potential replacements, there is minimal information on using polysaccharides as

precursors for the production of activated carbon.

Using the patented PGX process, two separate approaches were employed for the
synthesis of activated carbon. The first method relied on the porous network of PGX
materials to be maintained during pyrolysis while the second approach used a chemical

agent to create porosity during the pyrolysis.

Gas sorption analysis revealed that the PGX structure was not maintained during the
pyrolysis stage hence losing all its pore network and extended surface area. Additionally,
no significant variation between the PGX and non PGX variants of the chemically

activated polymers was observed.

However, it was revealed that the interaction between zinc chloride and pectin produced
exceptionally high specific surface area (exceeding 2000 m? g%) activated carbon. The
produced carbon had a high degree of microporosity (up to 100%) with some flexibility

present in tuning the porosity. Elemental analysis revealed the carbon to have high
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surface functionality and preliminary adsorption test for removal of heavy metal ions
from water (Pb?* and Cd?*) showed promising results with the in-house carbon

performing better than a representative commercial carbon.

This study relies on statistical methods including multiple design of experiment studies
and advanced characterization techniques to analyze the manufacturing process and the
properties of carbon in an attempt to find the best conditions for producing activated

carbon from polysaccharides.
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CHAPTER 1: Introduction and Literature Review

1.1 Introduction

Activated carbon (AC) refers to a broad range of highly porous carbonaceous materials.
The pore distribution of these materials can be classified as microporous (pore width < 2
nm), mesoporous (2-50 nm) or macroporous (>50 nm) [1]. This porosity is developed
during the controlled thermal decomposition of the parent raw material as part of the
production process which results in these materials having extremely large specific
surface areas, easily exceeding 1000 m? g*. In addition to the large internal surface areas,
they also have rich surface functionality due to the presence of several heteroatoms on its

surface (oxygen, nitrogen) making them ideal materials for use in separation processes.

The primary forms of AC are granular (GAC), powdered (PAC) and pellets and is
possible to tune the surface functionality to tailor the intended applications by various
process modifications. Some of them include oxidation [2] to modify acidic behavior,
sulphurization [3] to improve metal binding capacity, nitrogenation [4] to improve
electrochemical nature and impregnation with precious metals for catalytic
reactions[5][6]. The flexibility in pore size distribution and possible surface modifications
make it of high industrial value. Applications of AC include water purification for
removal of contaminants like dyes [7][8], volatile organic matter (VOCSs) [9] and heavy
metals [10][11]. Gas phase applications include purification of flue gas [12][13]and CO-

capture. Activated carbon has also been used in heterogeneous catalysis for various
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organic and inorganic synthesis reactions[14][15]. More recently there has been
considerable interest to use it as an adsorbent for storing of natural gas and hydrogen in

form of adsorbed natural gas (ANG) [16][17].

The global AC market was worth approximately USD 2.84 billion in 2017, showing a
compound annual growth rate (CAGR) of 13.0% between 2012 and 2017, and the market
size is estimated to be over USD 6.0 billion by 2023 [18]. Stringent environmental
protection laws have increased the demand for AC for application in water treatment and
air purification and the demand will only continue to grow. Since coal serves as one of
the major raw material for the production of AC [19], even accounting for nearly 64% of
the Chinese AC market [18], there exist large amounts of research focusing on finding
suitable sustainable alternatives, most of them inclined towards agricultural residues and
waste products. The present work focuses on using another class of sustainable materials
namely polysaccharides as a potential replacement for coal for the production of AC. The
project takes inspiration from the Starbon™ [20] process which has previously used
polysaccharides for the production of mesoporous AC. While the Starbon™ process using
a gelation technique for creation of the porous network, this work will primarily focus on
creating the porous carbon using conventional manufacturing techniques and aims to
utilise the advantages offered by the PGX® [21] process. The properties, characterization
techniques, production methods and applications of AC, as well as the motivation,

uniqueness, and scope of the project are all discussed in detail in the succeeding sections.
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1.2 History of activated carbon

Activated carbon has been a part of human civilization for thousands of years now. Going
back all the way to 1500 B.C there have been documentations of the Egyptians use of
“charcoal” to absorb unpleasant odour, cure digestive ailments and for preserving the
dead. By 50 A.D, Hippocrates was known to use charcoal for a number of medicinal

purposes [22].

It was in the 1700s that major strides were taken in the field of AC. In 1773, chemist Carl
Wilhelm Scheele quantified porous carbon by measuring the volume of gases adsorbed by
the material. The major discovery, however, was in 1794, when a sugar refinery found
that carbon could be used as a decoloring agent. This revolutionized the sugar industry,
by producing more white and appealing sugar. Within the next decade, all of Europe was
using charcoal to decolor sugar. After the AC process was developed around 1820, there

were widespread studies on its use as an antidote for poison treatment [22].

In 1862, Frederick Lipscombe helped pave the way for commercial applications of AC by
using the material to purify potable water. Physicist Heinrich Kayser, coined the term

“adsorption” to describe charcoal’s ability to uptake gases in 1881 [22].

Activated carbon was first produced on an industrial scale at the beginning of the 20™"
century. During the First World War AC was used in gas masks to protect from poison
gas. Throughout the 20th century and moving into the 21% century, AC has found
widespread use across multiple industries in form of water purification, decolorizing, air

purification and medicinal purposes.


http://www.norit.com/carbon-academy/the-history-of-activated-carbon/
http://www.norit.com/carbon-academy/the-history-of-activated-carbon/
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1.3 Structure and properties of activated carbon

The heterogeneous nature, as well as the vastness in possible variations of AC, make it
difficult to completely understand its structure, although some similarities exist in the
overall morphology of the many ACs in the market. The structure of AC can be
visualized as a random distribution of organized graphitic crystallites mixed with a
disorganized amorphous phase comprising of complex aromatics and aliphatics. These
fractured graphitic crystallites are randomly oriented, extensively interconnected and this
anisotropic crystallite alignment leads to the presence of voids [23]. Unlike the ordered
hexagonal rings of graphite that stack on top of each other, the rings in AC are randomly
oriented and lack any directional relationship (Fig. 1) [24]. The heteroatoms (oxygen,
sulphur, nitrogen, phosphorus) are mostly located at the edge of these broken graphite

rings, allowing the possibility of many reactions.

Figure 1. Structure of graphite (left) and AC (right). While graphite has an organized structure with
hexagonal sheets stacked on top of each other, AC has more of a distorted structure with the sheets
randomly oriented.

Since AC mainly functions through adsorption, which involves the adhesion of adsorbate
molecules on the surface of the carbon, a large specific surface area (SSA) is one of the

most important properties used for characterization of AC. The adsorption process occurs

4
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due to the unbalanced forces that exist on carbon atoms at the surface. Since adsorption is
a spontaneous process (AG < 0), and surface adsorption proceeds with a decrease in
entropy (AS < 0), the resultant means that adsorption must always be an exothermic

process (AH < 0) [24].

This adsorption behavior can be classified as physical or chemical adsorption. Physical
adsorption takes place via weak van der Waals forces, as well as hydrogen bonding and
the process is usually reversible. Chemical adsorption usually refers to the adhesion of
molecules via permanent bonds (covalent or ionic) and are irreversible. The adsorptive
behavior of AC in aqueous solution is influenced by temperature, pH of the solution, the
chemical nature of species and its concentration, and the pore distribution of the AC. The
versatile nature of AC allows it to interact with various molecules. However, due to the
same reason, it is extremely difficult to identify a single mechanism by which this
adsorption process takes place. Due to the non polar nature of AC, it adsorbs organic

compounds preferentially in comparison to polar inorganic species [24].

While high surface area and well defined pore size distribution are the primary factors
that affect the adsorption behavior of adsorbate molecules on the surface of AC, the
nature and amount of surface groups present must also be accounted for to understand the
adsorption behavior [23]. Among these oxygen containing surface groups are the most
commonly found. Fig. 2 summarizes the most common types of surface groups that may

be found on AC.
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Figure 2. Some common oxygenated functional groups found on AC.

Although the functional groups represent only a small fraction of the total surface area, a
small variation in the chemical nature of the AC can produce significant changes in its
adsorption capacity. Activated Carbon, in general, is hydrophobic in nature, however, the
presence of polar oxygenated groups can increase the hydrophilicity as the water
molecules can form hydrogen bonds with oxygen atoms of the surface groups. These

surface groups also influence the acidic and basic nature of the AC.

For aqueous based adsorption process another important factor that needs to be
considered is the pH of the solution with respect to the point of zero charge of the AC. At
the point of zero charge, the oxygenated functional groups of the AC are in un-dissociated
form and do not contribute to the pH of the solution. However, if the pH > pHzpc, acidic

functionalities will dissociate, releasing protons into the medium and leaving a negatively
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charged surface on the AC. On the other hand, if the pH < pHzrc, basic sites combine

with protons from the medium to leave a positively charged surface [23].
1.4 Manufacturing of activated carbon
1.4.1 Raw materials

Activated carbon can be produced from any material rich in carbon, as a result, there exist
plenty of possible raw materials such as wood, lignocellulosic biomass, peat, lignite and
different grades of coal that can be used to make AC. Since the manufacturing process
involves the removal of volatile matter from the raw material, the higher the fixed carbon
content the higher is the yield [24]. As a result, one of the advantages of coal is their

relatively low volatile content and, hence, their high yields.

Table 1. The fixed carbon content of common raw materials used for the production of AC [24].

Material Approximate carbon content (%)
Soft wood 40
Hard wood 40
Coconut shell 40
Lignite 60
Bituminous coal 75
Anthracite coal 90

1.4.2 Production process

The production routes can be classified into two major categories, physical and chemical
activation. Physical activation is usually a two-step process that involves pyrolyzing the

precursor at a low temperature of 400-500 °C (carbonization step) followed by
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activation with steam or CO- at higher temperatures of 800-1000 °C (activation step)

[25].

Chemical activation is a one-step process with both carbonization and activation taking
place simultaneously, during which the precursor is mixed with an activating agent,
usually, a strong dehydrating agent such as ZnCl>, HsPO4 or KOH followed by

pyrolyzing at relatively low temperatures (400-600 °C).

Carbonization Activation
Raw Carbon rich Activated
material [ > raw material [ > carbon
400-600 'C 800-1000 'C
OR
Carbonization + Activation
Raw material
+activating | >
agent 400-600 °C

Figure 3. The production process for AC. Physical activation (top) is a two step process, whereas
chemical activation (bottom) is a one step process with carbonization and activation taking place
simultaneously.

1.4.2.1 Carbonization

During the process of carbonization, the carbon atoms rearrange themselves into graphite
like rings and the resultant product has an increased fixed carbon content [25]. During
this step, a series of decomposition and rearrangement reactions are initiated in the parent
polymeric network. Free radicals are generated and considerable strain energy is
introduced in to the lattice. The polymeric structure, on pyrolysis, loses volatiles in form

of small molecules like H,O and CO as well as large molecules in form of hydrocarbons.

8
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These evolutions do not occur at single decomposition temperature but over a range of
temperature. Consequentially, the newly created exo-skeleton has a composition of higher

C/H and C/O ratios due to the preferential loss of hydrogen and oxygen [26].

1.4.2.2 Activation

The internal surface area and porosity of the AC are developed during the second or the
activation step. Activation is carried out to enhance the diameter and volume of the pores,
which are created during the carbonization process. Activation is known to take place in
two stages [26]. In the first stage, the disorganized carbon lattice is burnt out
preferentially and the closed and clogged pores between the crystallites are freed leading
to the formation of primary microporous structure. During the second stage, widening of

the existing pores and leading to the formation of meso and macro pores are observed.

The activating agent can be an oxidising gas (O2, steam, CO.,) as in the case of physical
activation or a chemical agent like in the case of chemical activation. The chemical
activating agents act as dehydrating agents, which influence the controlled thermal
decomposition of the precursor and inhibit tar formation. They are also known to decrease
the formation of hydrocarbons thereby improving the yield of carbon. During chemical
activation, the chemical agent attacks the polymer structure of the precursor and water is
eliminated leading to increased cross linking and aromatization in the parent polymer
network. The pore size distribution of the AC depends on the mass ratio of the chemical
agent used, as a result, the higher the ratio, the higher the development of meso and

macroporosity [26].
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While both mechanisms (physical or chemical) produce AC with a high degree of
porosity and increased surface areas, the ACs differ greatly with respect to physical and
chemical properties. Due to lower temperature requirements for the chemical process, the
yield is reportedly higher as there is reduced carbon burn off. However, due to the low
temperatures used the chemically AC lack the high degree of graphitization compared to
the physically ACs. Since each method has its own merits and demerits, a hybrid process
that includes low temperature chemical activation followed by high temperature physical

activation has been suggested in the past [25].
1.5 Techniques for characterization of activated carbon

Activated carbons are complex heterogeneous materials that are difficult to characterize
completely based on a single chemical or physical analysis technique. They differ in size,
shape, surface functionality and porosity. The variability comes from both the starting
material (raw material) and the production route (chemical or physical) employed. Even
so, standard methods of characterization specifically related to the pore size distribution
and surface area measurements have been established to assess the adsorption potentials
and compare different ACs. A few techniques that allow us to study the surface and pore

size distribution of AC are described below.

1.5.1 Scanning Electron Microscopy (SEM)

This technique allows us to study the topography of the AC. The exteriors which usually
contain large pores (meso and macro) can be detected visually by the instrument and

provide us with an insight on the transport mechanics that might take place when the AC

10
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is used for adsorption. It is these pores that allow the transport of the adsorbate molecules
from the bulk of the solution to the interiors of the pores where the adsorption occurs.
Although very rudimentary, this technique is still widely used to visually detect the
topographical changes that take place during the production process by comparing the

SEM images of the raw material to the final product.

1.5.2 Mercury porosimetry

This method is widely used for characterization of porous powders as it allows the
determination of pore size distribution. Mercury is a non-wetting liquid and as a result,
will not penetrate inside any pores under capillary action. However, it is possible to force
inside by the application of external force and the pressure required is inversely
proportional to the size of pores. The technique involves progressive intrusion of mercury
into a porous solid with increasing pressure. The pore size and volume distribution for
cylindrical pores are then generated using the Washburn equation [27]. As the required
pressure increases with a decrease in pore size the method is typically not suitable for
detection of micro and ultra micropores as the applied high pressures can cause the pore

walls to collapse, resulting in erroneous measurements.

1.5.3 Gas sorption

This measurement technique is by far the most widely recognised technique for the
characterization of AC and porous materials in general. Measurement typically involves
characterizing the material using the adsorption and desorption isotherms data of a non

reactive gas on the adsorbent surface. In this technique, a known amount of gas is fed to a

11
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sample bulb at constant adsorption temperature. Adsorption of the gas on to the sample
occurs, and the pressure in the sample cell volume continues to fall until the adsorbate
and the adsorbent are in equilibrium. The amount of adsorbate at the equilibrium pressure
is the difference between the amount of gas admitted and the amount of adsorptive
remaining in the gas phase [28]. Fig. 4 represents the various stages of the gas sorption
process as the pressure inside the sample cell is increased. Nitrogen is the most widely
used gas and the sorption is done at 77 K. It is, however, possible to generate these
isotherms using other gas molecules like argon (77 K), krypton (77 K), xenon (77 K), and

carbon dioxide (195 K).

Condensation:
pore size, volume,
and distribution
Multilayer
filling
Monolayer:
Surface Area

Adsorption at
isolated sites

~~ Increasing

gas pressure

Figure 4. Schematic representing the gas sorption process. The surface area calculation is done at
the monolayer coverage (P/Po <0.35), while the pore volume and size distribution calculations are
done at relative pressures close to unity [29].
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1.5.3.1 Types of sorption isotherms and hysteresis loops

The shape of the sorption isotherm is the first indicator of the type of pore structure of the
AC. The different types of isotherms are generated because of the different nature of
interaction that takes place between the adsorbent and the adsorbate in the different pore
regimes (micro, meso or macro). Fig. 5 shows the different type of physisorption

isotherm curves based on IUPAC classification [30]

Type | isotherms are characteristic of a microporous solid. For these materials, the amount
of gas that can be adsorbed approaches a limiting value which is governed by accessible
micropore volume. Type | (a) correspond to materials having mainly narrow micropores

and Type | (b) with a slightly broader pore size distribution with narrow mesopores (< 2.5

nm).

I(al I{bh

~

;UJ
\'\
\

Amount adsorbed ——————m—

Relative pressure  ———————m—

Figure 5. IUPAC classification of gas sorption isotherms [30]
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Type Il isotherms correspond to non porous or macroporous adsorbents. The shape is due
to unrestricted multilayer adsorption at higher relative pressures. Point B corresponds to

completion of monolayer coverage.

Type 11 isotherms have no point B, hence no identifiable monolayer coverage. The

adsorbent-adsorbate interactions are relatively weak.

Type 1V isotherms are given by mesoporous solids. In these solids, the initial monolayer-
multilayer adsorption is followed by pore condensation. Type IV (a) materials a
hysteresis loop is observed. Hysteresis is observed for pore width wider than 4 nm. For

mesopores with smaller pore width, Type 1V (b) isotherms are observed.

Type V isotherms are observed for water adsorption on hydrophobic microporous or

mesoporous materials.

Type VI isotherms are indicative of layer by layer adsorption on a highly uniform, non

porous solid.

As previously described, a distinct hysteresis loop is observed for mesoporous materials.
Many different types of hysteresis lops have been reported but the most important ones

are presented in Fig. 6.

14
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Figure 6. IUPAC classification of gas sorption hysteresis loops [30]

Type H1 loop is found in materials which exhibit a narrow range of uniform mesopores,

Examples include templated silica and ordered mesoporous carbons.

Type H2 is given by materials have more complex pore structures. H2 (a) loops are given

by many silica gels, some porous glasses as well as some ordered mesoporous materials.

Type H3 loop is given by non-rigid aggregates of plate-like particles but also if the pore

network consists of macropores which are not completely filled with pore condensate.

Type H4 is a composite of Types I and Il. H4 loops are often found with aggregated

crystals of zeolites, some mesoporous zeolites, and micro-mesoporous carbons.

Type H5 loop is unusual and has been noticed in some hexagonal templated silica

materials.
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1.5.3.2 Determination of surface area: BET method

The Brunauer—-Emmett—Teller (BET) method continues to be the most widely used
technique for determination of surface area of porous solids. The theory is an extension of

the Langmuir theory, with the same basic assumptions:

The surface of the material is homogeneous, with no preferential adsorption sites.

No intermolecular (lateral) interactions take place between adsorbed molecules

Gas molecules adsorb on solid in layers infinitely

Langmuir theory can be applied to each layer

The generalised BET equation for gas adsorption can be expressed as:

W, X C
B =P+ (€ =1 ()]

W =

Where W is the weight of gas adsorbed at a relative pressure P/Po and W is the weight
of adsorbate for monolayer coverage. C is the BET constant and is related to the energy
of adsorption of the monolayer. When the value of C is at least 80, the point B in an
isotherm is easily identifiable indicating completion of the monolayer. At values of B
~50, point B cannot be identified as a single point on the isotherm and there is an overlap
of monolayer-multilayer adsorption. When C is < 2, the isotherm is type I1I or type V and
BET method is not applicable. A high value of C (> 150) is associated with the filling of

high energy site or filling of micropore [28].

The linear form of the equation can be written by rearranging the terms:
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1 _ L ,c-1p
wi(—1)) Wl Wl R

The BET equation is only linear in a limited range of relative pressure (0.05-0.35). This
linear range is known to shift to lower relative pressures for microporous materials. A
standard multipoint BET procedure requires a minimum of 3 points in appropriate relative
pressure range. Using the knowledge of the molecular cross sectional area (Acs) of the

adsorbate gas, the total surface area of the solid can then be found out using:

Wiy X N X A
STotal = T

Where N is Avogadro’s number (6.022x10%® molecules/mol) and M is the molecular
weight of the adsorbate. The value of Acs for nitrogen is 16A2. The SSA of the solid can

then be calculated from the sample weight (W) used:

S _
BET_W

0.154

0.12-

0.09+

1{(W[P,-P])-1)

0.00 0.01 0.02 003 004 005 0.06
PIP,

Figure 7. A typical BET plot. The linear range of the equation, in this case, has shifted to lower
relative pressures (<0.1) indicating a high degree of microporosity. The particular plot is for zinc
chloride AC from pectin.
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While the BET equation while is widely used and applicable for nonporous and some
mesoporous materials, certain precautions need to be taken for its applicability to
microporous materials. It may be impossible to separate monolayer adsorption from
micropore filling for such materials and the linear range for the BET equation may be
difficult to determine as the monolayer coverage takes place at much lower relative
pressures (<0.1). As a result, the values of surface areas obtained maybe underestimated.

A few precautions that help in avoiding such problems are underlined below:

e The quantity C should be positive
e The application of the BET equation should be restricted to the range where the
term W(1-P/Po) continuously increases with P/P,

e The P/P, value corresponding to W should be within the selected BET range.

As a final precaution, the values of Wy, and surface area obtained can be reported as

apparent BET surface area which may not represent the true monolayer coverage.

For the present work which utilises the Autosorb iQ and Quadrasorb software for
determination of BET surface area, the software has an inbuilt feature called the
“Micropore BET assistant” that helps in determining the valid linear BET range for

accurate surface area calculation [31].
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Figure 8. Screenshot of the micropore BET assistant available in Autosorb iQ software. The
highlighted region, where the curve is straight represents the linear range of the BET equation

1.5.3.3 Determination of pore volume and pore size distribution

Pore Volume

The total pore volume (PV) calculations are based on the amount of vapor adsorbed at a
relative pressure close to unity, assuming that the pores are then completely filled with
liquid adsorbate. If the solid contains no macropores, the isotherm will remain nearly
horizontal over a range of P/P, approaching unity and the pore volume is well defined.
However, in the presence of macropores, the isotherm rises rapidly near P/Po= 1 and the
total pore volume has to be estimated by other methods (like mercury porosimetry). The
volume of nitrogen adsorbed (Vags) can then be converted to the volume of liquid nitrogen

(Viig) contained in the pores using the equation:

Py X Vigas X Vi

Where P, and T are ambient pressure and temperature, respectively, and Vi is the molar

volume of the liquid adsorbate (34.7 cm®mol* for nitrogen).
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The average pore radius assuming cylindrical pore geometry can be calculated as:

2 X Vliq
T, = ———
p
SBET

Pore Size Distribution (mesopores)

The pore size distribution for mesoporous solids can be calculated using several models
that make use of the Kelvin equation for calculating the pore radius. Popular
computational models include the Barrett, Joyner, and Halenda [32] and the Dollimore

and Heal models.
Pore Size Distribution (micropore)

A number of different methods have been proposed for the analysis of pore size
distribution of microporous material. They can be divided into macroscopic procedures
and those based on statistical mechanics. Popular models include empirical methods like
the V-t method, Dubinin-Radushkevich method, Horvath-Kawazoe method and Saito-
Foley method [28]. However, these classical models do not give a realistic description of
the filling of micropores leading to an underestimation of pore size. In order to achieve a
more realistic description microscopic theories, which describe the sorption and phase
behavior of fluids in narrow pores on a molecular level. Models such as the Density
Functional Theory (DFT) or Monte Carlo simulation provide a much more accurate
approach for pore size analysis and bridge the gap between the molecular level and

macroscopic approaches [33] [34].
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1.6 Applications of activated carbon

As previously mentioned AC finds its use in a variety of applications, some of which are

discussed below.

1.6.1 Water treatment

One of the major markets for AC is in municipal drinking water treatment. GAC is
typically employed for removal of taste and odour, pesticides, color, Trihalomethanes
(THMs) and other micropollutants. Activated carbon is also used for home water
treatment where they are employed at the point of use inside jugs or at the tap. Silver
impregnated ACs are used frequently used to improve bacteriostatic properties. AC is
widely used for treating industrial wastewater for removal of organic compounds like
H>S, Methyl tert-butyl ether (MTBE), Bisphenol A (BPA) and numerous endocrine
disrupting compounds (EDC). It is also used for treating landfill leachate and used in

ground water remediation [35].

1.6.2 Air purification

Activated carbon is routinely employed for removal of volatile organic compounds
(VOC), siloxanes from biogas production facilities and H2S and mercaptans from sewage
treatment works and industrial effluent facilities. PAC is used for the treatment of flue gas
generated from incinerators of municipal solid waste, sewage sludge or medical waste

and efficiently remove dioxins and heavy metals like mercury and cadmium. Activated
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carbon is widely used for mercury scrubbing generated from coal fire power plant,

cement and steel industries [35].

1.6.3 Industrial processes

Activated carbon is used in decolourisation applications for colour removal from liquid
chemicals like liquid natural gas (LNG), synthetic oils, and plasticizers. It is used for
solvent purification like recirculating amine in amine scrubbers, removal of mercury
during the Chloralkali process and removal of metal finishing residues and trace organics
in electroplating industries. It finds its use in hydrogen purification during pressure swing

adsorption [35].

Activated carbon is used in the food and beverage industries for decolorisation and
purification applications. It finds its use in decolourising cane and beet sugar syrups,
dextrose, fructose, and other food products, purify carbon dioxide for use in carbonated
drinks. Remove unwanted taste/odour or colour compounds from alcoholic beverages and

even decaffeinate tea and coffee [35].

1.6.4 Miscellaneous applications

Activated carbon is used by mining industry for recovery of gold, precious rare earth
metals from ore, waste and reclaim streams. It is used for purification of pharmaceuticals
for colour and protein removal. Activated carbon finds its use in personal protective

equipment in form of respirator filters [35].
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The massive range of applications means there exist wide variations in the types of AC
available in the market, a critical feature differentiating the various ACs is the pore size
distribution of the carbon. A simplified table highlighting the pore size requirement of

major applications is listed in Table 2.

Table 2 Pore size requirement for various applications of AC

Application Pore Size Requirement
Distribution of micro and
Water Treatment mesopores
(1-10nm)
Gas Purification Narrow distribution of micropores
(0-2nm)
. Mesopores
Catalysis (>2 nm)

Micro and ultra micropores

Supercapacitors (0.7-1nm)

Gas Storage Micro and ultra micropores

1.7 Project motivation and previous work
1.7.1 Demand for activated carbon and coal as the raw material

The wide range of possible applications and the possibility of surface modifications make
AC an extremely valuable material for both the industry and researchers. As a result, the
demand for AC is constantly growing. The global demand for AC was 1.65 million tons
in 2016 with a CAGR of 6.3 % in the period 2012-2016 [36]. Coal continues to be the
major source of raw material for the production of AC due to its ease of availability and
low cost. However, as with all other fossil fuels, coal too is an exhaustible resource and at
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the current rate of production is estimated to last around only 150 years [37]. With global
increase in awareness of the health implications of working with coal which inherently
contains toxic trace metals, like mercury [38] combined with environmental protection
acts to provide cleaner air and water raising the demand for AC , the situation has
garnered significant interest of researcher for finding sustainable and greener alternatives
and there exists huge potential to break into the market with a suitable replacement. The

possible potential alternatives are discussed in further sections.

1.7.2 Agricultural residues as alternatives to coal

As a consequence of the need to find sustainable alternatives to coal, a significant amount
of research has been done on the use of agricultural residues as raw material for the
production of AC. A wide range of such materials like seeds, shells, straws, and peels
have been tested using both chemical and physical methods of activation. A short
summary of the process conditions and specific surface area for numerous agricultural

residues is listed in Table 3.

The cheap availability of agricultural residues would seem to make them a viable choice
for production of AC. However, as it can be observed from Table 3 that while there is
some promise in some cases with regards to the specific surface areas obtained, there
exists massive variation among different raw materials. This is due to the inherent
heterogeneous nature of the precursor and complexity in chemical compositions among

different starting material.
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Typical SSAs are limited to < 1000 m? g* for most precursors and a minimal emphasis is
given to the pore size distribution in these studies. While higher SSA, exceeding 1500 m?
g have been obtained, for example, AC from fox nut shells was reported to have a SSA
exceeding 2000 m? g'* via H3POys activation at a temperature of 700°C and impregnation
ratio of 1.5 [39]. Such reports are few and typically to obtain such high SSA values severe
process conditions are required, with temperatures exceeding 700°C or large quantities of

the activating agent being used.

Apart from the heterogeneous nature of the materials, many of the starting materials are
geographically localized and as a result, lack the availability/ accessibility, unlike coal.
The heterogeneous nature also poses a challenge to establish consistent process
conditions at the manufacturing stage. These challenges have prompted the researchers to
look beyond just agricultural residues as a potential replacement for coal for the

manufacture of AC.
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Table 3 Brief summary of previous work on using agricultural residues as precursors for the production of AC

Method of

Activating

Sl Material . Process conditions SSA (m? g?) Reference
production agent
1 | Pistachio nutshell Physical CO2 500°C 778 [40]
2 | Almond shells Physical CO2 850°C 1000-1200 [41]
3 | Corn hull 900-1000
4 | Corn stover Physical CO2 700-800°C 400-600 [42]
5 | Oak wood waste 600-900
6 | Oat hulls Physical 300-600
Steam 800°C [43]

7 | Corn stover Physical 300-400
8 | Rice straw Chemical KOH 500-900°C 300-900 [44]
9 | Cassava peel Chemical KOH 450-750°C 900-1300 [45]
10 | Olive stone Chemical H3PO4 500°C 300-1200 [46]
11 | Macadamia nutshell Chemical ZnCl; 500-800°C 1500-1800 [47]
12 | Corn cob Chemical ZnCl> 400-800°C 400-900 [48]
13 | Apricot stone H2S04 600°C (H2S04) 1190

Chemical + Physical + + [49]
14 | Grape seeds 497

Steam 800°C (Steam )

15 | Rice Husk Chemical + Physical | ZnCl2+ CO2 | 600°C (ZnCl2) + 600°C (COz) 200-500 [50]
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1.7.3 Polysaccharides as potential alternatives

The search for a suitable alternative to coal for AC production is an ongoing process
and another class of materials that may be a strong choice are polysaccharides.
Polysaccharides are polymeric carbohydrate molecules composed of long chains of
monosaccharide units bound together by glycocidic linkages. Most commonly known
polysaccharides include starch, pectin, cellulose, and chitin. Other polysaccharides
include laminarin, chrysolaminarin, xylan, arabinoxylan, mannan, fucoidan, and
galactomannan. All of the polysaccharides are naturally abundant bio-polymers that
are extracted from biomass. Given their known chemistry, it might be possible to
control the pore size distribution or perform any pre/post manufacture modifications

that ACs offer.

Polysaccharides have already found profound usage in industries. Starch finds its
major application in the food industry while paper making continues to be its largest
non food industrial application. It also finds usage in textile and adhesive industry.
Pectin is used as a thickening agent and stabilizer in the food industry and even finds
use in the medical and cosmetic industry. Cellulose which is the most abundant
organic polymer on earth is a major raw material in the pulp and paper industry. Due
to their known chemistry, ease of availability, sustainable nature and the ability to be
produced on an industrial scale, they have garnered significant interest from the
research community for various applications. Chemically modified starch has found
usage in form of adsorbents [51] while pectin has been used as flocculants in the past
[52]. Cellulose in form of nanocrystals (CNCs) has the potential to be used as

nanocomposites[53] and adsorbent[54].
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There has been developing an interest in using these materials for the production of
porous carbon as well. Starting with starch, researchers at the University of York
(United Kingdom) have tested a wide range of polysaccharides (starch, pectin and
aliginic acid) for the production of mesoporous carbon using their patented Starbon™
technique. In this method, the native polysaccharide is gelatinized by heating in water.
The resultant gel is then cooled for 1-2 days. This is followed by a solvent exchange
of water with ethanol to yield a porous aerogel. The porous block is then carbonized to
yield a porous carbon [20]. The materials obtained have SSA in the range of 200-600

m2 gt and are highly mesoporous. The process schematic is presented in Fig. 9

Expansion
+ Solvent
Starch Cooling Exchange
+ I:> Starch Gel |:> Starch Aerogel
Water o Vacuum
140 C|2 Hr Drying
+ 0 Carbonization
(50 C) .
2 Days (200-600 C)
Mesoporous
Carbon
(Starbon)

Figure 9. Schematic representation of the Starbon™ Process

The Starbon™ process is evidence that it is indeed possible to produce AC using
polysaccharides. However, the efficacy of these materials to be used as precursors for
the production of AC using conventional techniques (physical or chemical activation)

is yet to be established.
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Taking inspiration from the Starbon process, it was proposed that there is the
possibility of using the patented PGX process for creating porous carbon. Our
research partner Ceapro Inc. owns a patented technology known as Pressurized Gas
Expanded process or PGX [21] through which they are able to dry high molecular
weight (HMW) bio-polymers resulting in high surface area final products. These
materials have found usage in various applications and it was suggested that they
might also have possible use as raw materials for the production of porous carbon
materials. Taking into the disadvantages of coal and short comings of agricultural
residues as potential replacements combined with the success of the Starbon process
and the potential of PGX processed polymers as sustainable alternatives, an attempt

was made to produce AC from PGX processed polysaccharides.
1.8 The Pressurized Gas Expanded (PGX) Technology

The PGX process was invented by Dr. Feral Temelli (Professor at the Department of
Agricultural, Food & Nutritional Science, University of Alberta) and Dr. Bernhard
Seifried, the Engineering Research and Technology Director at Ceapro [55]. It is a
novel spray drying technology that utilises supercritical carbon dioxide (S-CO2) and
ethanol (EtOH) to precipitate out water soluble bio-polymers leaving behind a dry,
highly porous final product. The final form of the bio-polymer can be in form of fine

powders, micro fibrils, fine granules or coarse granules.

The PGX Process (Fig. 10) utilises the concept of supercritical fluid drying along with
gas antisolvent technique to dry HMW water soluble biopolymers. The solvent used is
water and the antisolvent is a mixture of supercritical carbon dioxide and ethanol.

Under the supercritical condition, CO2 behaves both as a liquid having a high density
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(like a liquid) and a gas by expanding to occupy all the space inside a closed vessel.
The PGX process is operated at moderate conditions of 100 bar and 40°C. Under these

conditions, ethanol is completely miscible in S-CO> and forms a gas expanded liquid.

Ethanol

Polymer Solution S-CO,+Ethanol
(20 % w/w) (80% w/w) 1

S-CO»

Pressure Vessel
40°C
100 Bar

Figure 10. Schematic representation of the PGX process

This mixture is pumped through one line, while the aqueous solution of polymer is
pumped through a separate line. The two lines mix together inside a co-axial nozzle
before entering the vessel. Under the operating conditions, water is completely soluble
in the S-CO,-EtOH system, which acts as a solvent for water. At the same time, S-
CO»-EtOH acts as an antisolvent for the solute (polymer) present in water, as a result
of which the polymer rapidly precipitates out. During precipitation, the polymer is
dried, purified and takes its characteristic morphological shape, which can be in form
of granules, fibrils or microbeads. The vessel is then pumped with S-CO,-EtOH

mixture to pump out all of the water, which is then followed by pumping the vessel

30



M.A.Sc Thesis — Indranil Sarkar, McMaster University — Chemical Engineering

with S-CO> to pump out EtOH. The vessel is then de-pressurised to obtain the dried

polymer.

Figure 11. Photograph comparing the same mass of pectin before and after the PGX process

Due to the inherent advantages offered by the process, some applications of the PGX

process include:

e Dry aqueous solutions or dispersions of HMW polymers (Polysaccharides or
carbohydrates).

e Purification of biopolymers during the drying and precipitation of the polymer.

e Micronize the polymer to a matrix of highly porous fibrils or particles having
nano-scale features

e Functionalize polymers and form nanocomposites by mixing of polymer
solutions prior to PGX processing.

e Impregnation of the polymer with thermo-sensitive bioactives to improve
hydrophilicity and solubility prior to PGX processing.

e Extraction of bioactives from fermentation slurry [56].
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For the purpose of this research, it was assumed that due to the porous nature of the
PGX processed polymers, that allow them to have high surface areas as well as due to
the green nature of the precursors used it is possible to produce porous carbon
materials for the purpose of water treatment, gas purification or catalytic applications

making it a sustainable and environmentally friendly process.
1.9 Project scope

The uniqueness of the PGX process combined with the limited research data available
on the use of polysaccharides as raw materials for the manufacture of AC provided the
opportunity to explore the vastly untouched research field. The project aims to utilise
the advantages offered by polysaccharides combined with the PGX process to
successfully make commercial grade AC. The primary focus of the project will be to
compare the AC produced from PGX processed polymers to the unprocessed ones.
Gas sorption (specific surface area) and SEM (surface morphology) analysis would be
used as the primary characterization techniques. Once a suitable material and process
conditions have been identified, the project aims to comprehensively characterize the
produced carbon for the purpose of being used as a potential adsorbent for water

purification.
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CHAPTER 2: Activated carbon from PGX processed
polymers

2.1 Introduction

The usual routes for the production of AC as discussed earlier include the physical
activation and chemical activation methods. Briefly, in these methods, the precursor is
first carbonized which increases the carbon content of the material followed by an
activation step that leads to the creation of the pore structure of the AC. These two
steps can be separate as in the case of physical activation or take place simultaneously
as in the case of chemical activation. Finally, the raw material and the choice of
production route determine the final pore structure of the AC [25]. There are however
other ways of producing porous carbon materials. The Starbon™ process as
previously outlined utilises the inherent self assembling nature of polysaccharides in
aqueous solution to create mesoporous pore network via gelation mechanism followed
by carbonization [57] to produce porous carbon. Taking inspiration from the
Starbon™ process an attempt was made to produce porous carbon materials using the

patented PGX® process.

The PGX processed polymers have shown to have high surface areas compared to
unprocessed polymers with a developed pore structure. For the present study, two
different polymers, corn starch, and pectin were chosen for the production of AC due
to their wide abundance in nature. Both these material are in form of fine powder in
their unprocessed state. After PGX processing though, pectin takes the form of
interconnected fibrils giving the appearance of a highly interwoven structure (Fig. 11).

Starch, on the other hand, comes out as very fine granules.
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Prior to testing these materials for the production of AC, it is important to understand
the thermal stability of these materials, as a result, the materials were first tested for
thermal stability using thermogravimetric analysis (TGA). This was to determine if
the PGX polymers offered any additional thermal stability post processing and
identify the carbonization temperature where most of the volatile matter from the raw
materials had been removed to give high carbon content final product. Once an
adequate temperature range for carbonization was identified, the materials were used

for the production of AC using two separate approaches namely:

1. Direct Carbonization: Under this approach, the raw materials (PGX or non PGX)
were pyrolyzed without the use of any additional activating agents.

2. Chemical Activation: For this approach, prior to being pyrolyzed, the PGX
polymers were treated with a chemical activating agent. Two different chemical
agents namely zinc chloride and phosphoric acid, which are popular industrial

activating agents as well were used for activation purpose.

There is a limited amount of literature data available on the possible use of these
materials for the production of AC using the approaches described above. This would
also be the first time that the PGX processed polymers will be tested for any kind of
thermal treatment. The current study aims to establish the foundations of using
polysaccharides for the production of AC and possibly determine causes for the

variations (if any) in the results obtained between the PGX and non PGX polymers.
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2.2 Materials

Corn starch (Sigma Aldrich S-4126) and zinc chloride (anhydrous, free-flowing, Redi-
Dri™, ACS reagent, >97%) were bought from Sigma Aldrich, Canada. Pectin
(TexDry LC Citrus) was obtained from Florida Food Products, Texas. PGX processed
corn starch and pectin (of above mentioned brands) were provided by Ceapro Inc.
Other reagents purchased were phosphoric acid 85 % (w/w) (Caledon Laboratory
Chemicals), 0.1 N hydrochloric acid (LabChem) and 0.1 N sodium hydroxide

(LabChem)

2.3 Methods

2.3.1 Thermogravimetric Analysis (TGA)

The production of AC requires the precursor to be pyrolyzed at high temperatures, so
it is important to understand the thermal behaviour of the material first. TGA was used
to determine the thermal stability of the raw materials and to decide upon a
temperature range for the carbonization of the samples. The analysis was performed
using TA instruments Q50 analyzer under an argon atmosphere with ramp temperature
of 10 °C/min. The temperature range was 25 °C — 600 °C. Sample weight used was
<10 mg for all samples and analysis was done in at least duplicate. The samples tested

were corn starch and pectin and their respective PGX processed variants.

2.3.2 Direct carbonization

As the PGX materials are known to have high surface area and already have a
developed pore network, it was hypothesized that carbonizing these materials could

possibly produce porous carbon materials without having to use any other activation
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or pore creation steps, the PGX structure would sustain the carbonization process and

the final product would be porous carbon skeleton.

2.3.2.1 Synthesis

Since the aim of this approach was to eliminate any pre processing steps prior to
carbonization and let the PGX process solely dictate the pore formations, no pre
treatments were done before the carbonization stage. 1-3 g of the polymer was added
to a ceramic boat crucible, which was then placed inside a fused quartz tube which in
turn was placed inside a horizontal single zone tube furnace (Thermcratft Inc.). The
furnace temperature was then ramped at 5 °C/min to the final carbonization
temperatures (400-600 °C) under a nitrogen atmosphere of flow rate 150 cc/min where

it was maintained for another 2 hours.

The furnace was then allowed to cool (temp. <70 °C) before the sample was taken
out. The samples were then acid washed with 0.1 N HCI in order to remove any
dissolvable residues and clear out any blocked pore, this was followed by multiple
washes with de-ionized (DI) water. After washing, the samples were dried in an oven
at 105 °C for 24 hours and then transferred to a series of stainless steel mesh sieves
stacked on top of each other. The mesh sizes used for screening were #30, #60, #80
and #120 and the contents were shaken by hand causing the particles to get separated
based on their size. During sieving, it was observed that the highest mass of fraction
retained was between #30 and #80, as a result, 30x80 fraction was used for all analysis
purpose. Since this fraction corresponds to particle size <1 mm, the AC being

produced would be characterized as PAC.
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Samples were also put aside where no post processing steps (washing or screening)
were done in order to determine if the post processing steps had any significant impact

on the SSA.

Figure 12. Photographs depicting the different stages of production of AC by direct
carbonization method.

2.3.2.2 Characterization

The SSA along with the pore size and volume distribution of the samples were
analyzed using nitrogen sorption at 77 K using the Quantachrome® ASiQwin surface
area analyzer. Multi-point BET in the linear range (relative pressure 0-0.3) of the BET
equation was used to determine the specific surface area. The samples were de-gassed
under vacuum at 125 °C for 24 hours prior to analysis. Due to the distorted graphitic
structure of ACs, there are slit like voids between the sheets, as a result, the pore
volume and pore size distribution were determined using the Quenched Solid Density

Functional theory (QSDFT) [34] N2 equilibrium model for slit pores.
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The surface morphology of the raw material and the final ACs were imaged using
SEM technique. Nickel paste was used as a conductive adhesive and the samples were
imaged using the JEOL 6610LV SEM at accelerating voltage of 3kV and a working

distance of 12-13 mm

2.3.3 Chemical activation

The second approach that was taken towards the creation of AC was the classical
route through chemical activation. It was hypothesized that due to the porous structure
of PGX materials the chemical agent might penetrate into the interiors of particles
better, as compared to the unprocessed material giving rise to ACs with different pore
structures. Popular industrial chemical agents, phosphoric acid and zinc chloride were

selected as the activating agents.

2.3.3.2 Preparation of activating agent

Phosphoric acid:

Since 85% (w/w) solution of acid was available as stock, dilution to lower

concentrations was required. The dilutions were done using the below equation:
MV, = M,V,

Where M1 and M2 represent the initial and final molarities of phosphoric acid and V1

and V- the volume required for each molarity. The conversion of concentration from

w/w % to molarities was done using the below equation:

10 X Conc. % (%) X density solution

Molarity =
orartty molecular weight

The densities of different concentrations of HsPOs is provided in Table 4.
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Table 4 Densities of different concentrations of phosphoric acid solution

Concentration % (w/w) 85 (Stock) 60 40
Density (g cc?) 1.68 1.42 1.25

Zinc chloride:

Since powdered zinc chloride was being used, solutions of zinc chloride were made by
dissolving it in Milli-Q water. The density of the solutions was then measured by
pipetting out 10 ml in a beaker and measuring the final mass. The densities of

different solutions are provided below:

Table 5 Densities of different concentrations of zinc chloride solution

Concentration % (w/w) 40 50 60
Density (g cc?) 1.4 1.53 1.69

2.3.3.3 Preliminary testing

In order to proceed further, the concept of impregnation ratio or mass ratio (MR) must
be explained. Mass ratio refers to the ratio of the mass of the activating agent to the

mass of raw material.

mass of 100% dry activating agent (g)

M tio (MR) =
ass ratio (MR) mass of raw material (g)

Since aqueous solutions of the activating agent are used, the volume of activating

agent required is calculated by the following equation:

Volume (ml)

mass of raw material (g) X multiplication factor X mass ratio

Density of activating agent solution (g cc™?1)
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Where multiplication factor is related to the concentration of the activating agent.

100

Multiplication factor = W
Concentration % (W) of activating agent

Since there was no prior information on the behavior of interaction of these materials
with the selected activating agent, a preliminary trial was run to decide the
concentration range of phosphoric acid to be used. 40 % (w/w) and 60 % (w/w)
concentrations were used to carry out the trial run. 2 g of the raw material (starch or
pectin) was added to a beaker and phosphoric acid solutions at mass ratio of 1 and 2
were added to the beakers and the contents were mixed together with a spatula. The
contents were then left at room temperature for 15 hours to observe any change in

behavior.
2.3.3.4 Design of experiment with phosphoric acid as activating agent

In order to study if phosphoric acid could produce ACs with different pore structures
using unprocessed and PGX processed variants of pectin, a design of experiment
study was employed to investigate the effect of process parameters for the production

of AC.

A 2*full factorial design of experiment (DOE) study was designed to maximize the
SSA (response) as well as to study the difference in the pore size distribution of the
AC made from PGX and non PGX variant. The design parameters are listed in Table
6. The limits of DOE were based on previous studies that have using phosphoric acid
as activating agent for the manufacturing of AC from agricultural residues [58] [39]

[46].
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Table 6 Limits of DOE comparing PGX and non PGX AC from pectin using phosphoric acid
as activating agent

Factor Low High
Material Non PGX PGX
Temperature (°C) 400 600
Concentration % H3PO4 (w/w) 40 85
Mass Ratio 1 2
2.3.3.4.1 Synthesis

1 g of the raw material was added to a beaker, depending upon the mass ratio, the
required volume of phosphoric acid was added using a syringe and the contents were
mixed together with a spatula. The mixture was then left open to atmosphere for 15
hours. Next day, the mixture was transferred to a ceramic boat crucible which was
then placed inside a fused quartz tube which in turn was placed inside a horizontal
single zone tube furnace (Thermcraft Inc.). The furnace temperature was then ramped
at 5 °C/min to the final carbonization temperature under a nitrogen atmosphere of low
rate 150 cc/min where it was maintained for another 2 hours. The furnace was then
allowed to cool (<70 °C) before the sample was taken out. The samples were then base
washed with 0.1 N NaOH in order to remove any dissolvable residues, clear out any
blocked pore and neutralize the phosphoric acid, this was followed by multiple
washed with DI water. After washing the samples were dried in an oven at 105 °C for
24 hours. The AC was then screened using mesh sieves following the same

methodology outlined in section 2.3.2.1.

2.3.3.4.2 Characterization

The AC made under different DOE conditions was characterized using gas sorption
technique using the Quantachrome® ASiQwin surface area analyzer for the
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determination of SSA and pore size distribution. The method of analysis remained the

same as in section 2.3.2.2.

Scanning electron microscope (SEM) technique was employed to study the surface
morphology of the AC. The samples were spread on carbon tape and coated with 5 nm
of gold through sputter coating prior to imaging which was analysed using the VEGA
TESCAN SEM at accelerating voltage of 10-30 eV and a working distance of 10-40

mm.
2.3.3.5 Design of experiment with zinc chloride as activating agent

Zinc chloride, a common industrial activating agent was chosen as the second
chemical to produce chemically AC. A similar approach as earlier was employed, but
due to the shortage of raw material and to save time, a smaller DOE was designed this

time. The mass ratio was fixed at 1.25.

A 23 full factorial DOE study was designed to study the effect of the nature of the
starting material, the concentration of activating agent and carbonization temperature
on SSA (response). The limits of the DOE are listed in Table 7. The experimental data
were fit with the help of Minitab software into a 2" degree regression model, and the
Pareto plot, the normal effect plot and the p-value of the model terms were used to
identify the significant factors affecting the response. AC for all DOE conditions was

manufactured in duplicate to generate any results.
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Table 7 Limits for DOE comparing PGX and non PGX AC from pectin using zinc chloride as
activating agent

Factor Low High
Material Non PGX PGX
Temperature (°C) 400 600
Concentration % ZnCl, (w/w) 40 60
2.3.3.5.1 Synthesis

The method of production remained the same as in section 2.3.2.1, with one minor
change, the washing step involved washing with 0.1 N HCI instead of 0.1 N NaOH as
earlier. This was done to dissolve any residual zinc chloride on the AC and to clear

out any blocked pores.

2.3.3.5.2 Characterization

The AC made under different DOE conditions were characterized using gas sorption
technique using the Quantachrome® ASiQwin surface area analyzer for the
determination of SSA and pore size distribution. The method of analysis remained the

same as in section 2.3.2.2.

Scanning electron microscope (SEM) technique was employed to study the surface
morphology of the AC. The samples were spread on double sided copper tape and
coated with 3 nm platinum via sputter coating prior to analysis which was imaged using
the FEI Magellan 400 SEM. Accelerating voltage was maintained at 1 kV and working

distances used were 1-3 mm.
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2.4 Results and Discussions

2.4.1 Thermogravimetric Analysis

Thermogravimetric analysis technique is used to understand the thermal stability of a
polymer. As can be observed from Fig. 13, in the case of pectin (PGX or non PGX),
the polymer is thermally stable until ~ 200 °C, with an onset temperature of ~ 215 °C.
There onwards there is a continuous gradual mass loss till 400 °C totaling ~50%.
Beyond 400 °C until 600 °C the mass loss is < 15%. Similar behavior was obtained in
case of the PGX processed pectin. The constituting molecules of pectin are D-
galacturonic acid and depending on the source these acidic groups could be esterified
to varying proportions. To understand if any variability in TGA exists, another source
of pectin (pectin from citrus peel, galacturonic acid >74.0 %) was obtained from
Sigma Aldrich and tested. No significant variation in the onset temperature (~215°C)
or the overall weight loss profile was observed, confirming that the source of pectin

does not have any significant impact on the thermal behavior of the polymer.

For starch (both unprocessed and PGX processed) the on-set point is higher ~305 °C
compared to pectin, however, there is a sudden drop in mass ~50% in the range 300-

325 °C. Similar to pectin, there is minimal mass loss after 400 °C.
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Figure 13 TGA curves for pectin (left) and starch (right)

Comparing the unprocessed polymer to the PGX processed ones it was clear that the
PGX polymers did not offer any additional thermal stability. This was also an
indication that during the PGX process no new bond formations between the polymer
molecules (such as cross linking between different branches of the polymer) takes
place that might offer any additional structural strength thereby increasing the onset

temperature and improving thermal stability.

In order to decide upon a temperature range for carbonization, it is important to work
in a regime where the volatiles have exit the raw material leaving behind a carbon rich
exoskeleton. From the TGA curves, it can be deduced that the carbonization
temperatures have to be at least greater than 350 °C. If carbonization was to be
performed in the regime of 200-400 °C, due to the rapidly changing chemical
composition of the material (especially in the case of starch) it would be difficult to
reproduce any results. Since one of the driving forces for this project was to be
sustainable, it was decided to make the process conditions as less severe as possible.
In order to achieve that goal, it is also important to be conservative in terms of energy

consumption. Carbonization process requires the material to be pyrolyzed at high
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temperature and higher the temperature, higher is the energy cost. To mitigate that it
was decided to work in the temperature range of 400-600 °C. Working at these
temperatures also allows the presence of residual oxygenated surface groups on the
AC since the material is not 100% carbonized. These surface groups as described

earlier [24] also influence the adsorption behavior of the carbon.

2.4.2 Direct carbonization

2.4.2.1 Specific surface area

The SSAs obtained along with total pore volumes under different conditions are listed
in Table 8.

Table 8 Results of gas sorption analysis (SSA and PV) using direct carbonization method.

Material Temp. SSA Total PV
(°C) (m?g) (ccg™)
Starch n/a <5 n/a
PGX Starch n/a 67+8 0.296 £ 0.05

Starch 400°C <5 n/a
Starch 600°C <5 n/a
PGX Starch 400°C <5 n/a
PGX Starch 600°C <5 n/a
Pectin n/a <5 n/a

PGX Pectin n/a 320 + 46 1.7+£0.38
Pectin 400°C <5 n/a
Pectin 600°C <5 n/a
PGX Pectin 400°C <5 n/a
PGX Pectin 600°C <5 n/a
PGX Pectin** 400°C <5 n/a
PGX Pectin** 600°C <5 n/a

** Refers to samples where no post processing steps (washing or sieving) were employed.

The unprocessed starch or pectin as expected did not offer any significant SSA or
porosity in their native state. However evident from the gas sorption data, the PGX

processed polymers had noticeably higher SSA than the unprocessed counterparts,
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especially in the case of pectin. Looking at the gas sorption isotherm for PGX pectin
(Fig. 14), it is clear that the isotherm shape resembles type Il indicating a primarily
mesoporous material. The sharp increase in adsorption at relative pressures
approaching unity is due to rapid multilayer adsorption of nitrogen molecules on top
of each other. The chosen pore size distribution model (QSDFT) evaluates the pore
size in the range of 0-40 nm and the pore volume distribution from this model
provides an insight into the mesoporous nature of the materials as the entire pore
volume (~100%) was contributed by the mesopores. However as there is a sharp
increase in the cumulative pore volume (Fig. 14), and it does not flatten out before 50
nm, it is an indication that there are pores beyond 50 nm in size which would add to

the macroporous characteristics of the material.
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Figure 14. Gas sorption isotherm (left) and pore size distribution (right) for PGX processed
pectin.

It should be clarified here that while there is a significant large variation between the
SSA of starch and pectin, it is not due to any operational factors. Every polymer
responds differently inside the PGX vessel, hence giving rise to different
morphologies and pore structures. It has been observed that after PGX processing

starch comes out as fine or coarse granules while pectin takes the shape of
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interconnected layered sheets. This variation in behavior inside the vessel causes the

SSA to be so different among different materials.

However, post carbonization there was no significant increase in the SSA for any of
the raw materials (PGX or non PGX), in fact, the PGX processed polymers had lost all
of their initial surface area as well. This can be attributed to the fact that there was no
activating agent to create new pores or prevent the collapse of existing pores. The
material was simply being pyrolyzed with no controlling agent. Both large and small
molecules volatilized, leaving behind molecular size pores and in the course of time,
these pores collapsed. The isotherms generated through gas sorption carried no
significance since there was neither any surface area nor pore volume offered by these

materials essentially just producing char.

It was concluded that the PGX structure was not strong enough to sustain the pyrolysis
conditions and there was no measurable way to distinguish between the PGX and non
PGX materials post carbonization. Any advantage that the PGX materials offered
before in terms of surface area were completely lost post carbonization. This can also
be traced back to the TGA results that revealed that the PGX polymers did not offer
any additional thermal stability. The meso/macro porous nature of the polymers made
it susceptible to collapse as the pores could resist the severe conditions of

carbonization.

This is in contrast to the Starbon™ process, where the gelation step leads to the
formation of strong covalent bonds which are able to sustain the drying and
carbonization steps later maintaining the mesoporous structure [57]. The pores formed

during the PGX process are not due to any permanent bonds, but simply individual
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particle bound loosely to one another. As a result, they are susceptible to collapsing

under severe conditions.

It should also be pointed out here that significant tar formation was observed in the
case of carbonization of pectin, where there was visible yellow residue on the walls of
the quartz tube. It is known that using an activating agent limits the formation of tar
[25] which was not the case in for this approach where there was no activating agent

used.

There was another noticeable phenomenon that was observed was that in case of
carbonization of starch. There seemed to be an expansion of starch particles that
occurred during carbonization as an expanded charred starch was obtained after the
process (Fig. 15). This expansion behavior was observed in every instance when

starch was carbonized.

Figure 15. The observed foaming of starch during carbonization

Similar phenomena have been reported in the past, where during the carbonization
process, starch goes through numerous physio-chemical changes, one of which is the
“molten starch” phase [59], which occurs immediately after the meting of individual
starch particles at around ~250 °C . This is followed by the expansion of the liquid

matrix to form a foam like structure and further heating causes the degradation of the
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starch molecules leading to the formation of numerous aromatic compounds, most
significant of which is levoglucosan [60]. Since it was not possible to monitor the
changes inside the furnace, only the final form of the expanded starch that had already
cooled down and taken solid shape could be noticed. This, however, offered no

contribution to the SSA obtained as the values remained almost negligible in all cases.

2.4.2.2 Surface morphology of raw material and activated carbon

Due to the non conductive nature of the polymers, it was difficult to get sharp and
clear images of the raw materials through SEM. Pectin could still be viewed at
moderately high resolutions but there would occur excess charging and drift
phenomena for the starch samples. Working distances < 10 mm lead to significant
charging issues making it impossible to capture high resolution images. The images at
the obtained resolution would only reflect that the PGX polymer was in form of
layered sheets and fibrils. For the carbonized polymer visible charring could be
noticed with more layers detectable at higher resolutions. However, no defined pore

structure could be detected for any of the samples.

Figure 16. SEM images of PGX processed pectin. The layered structure of the PGX polymer
could be visualized, however, at higher resolutions (right), noticeable charging was observed
and it was difficult to capture good images.
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Figure 17. SEM images of PGX pectin carbonized at 400 °C. Noticeable charring of the
individual layers could be observed however no conclusive argument regarding the pore
structure could be made at such resolutions.

2.4.3 Chemical activation

2.4.3.1 Preliminary test

The preliminary test was run to identify the behaviour of the interaction between the
chemical agent and the polymer in order to decide upon the concentration range of the
activating agents. Based on initial test it was observed that starch (PGX or non PGX)
formed a liquid suspension when mixed with 40% phosphoric acid (MR 1 or 2)
making it impractical to carbonize the material. At 60% concentration, it would form a
gelatinous mass which could be carbonized. However, it was observed that soon
enough the activating agent would completely hydrolyse the starch leaving behind a

wet tarry residue, once again making it impractical to carbonize the material.

Since the PGX structure would have already been destroyed during the hydrolysis,
there was no reason to continue the study further with starch. It was also concluded
that for all for all concentration less than 40%, the suspension behavior would be
observed, and for concentrations greater than 60%, the formation of gelatinous mass

followed by hydrolysis into tar will be observed.
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In the case of pectin, at both 40% and 60% phosphoric acid concentrations, pectin (all
forms) would not form a liquid suspension although the 40% mixture was relatively
wet. At 60% concentration, it would not undergo any significant hydrolysis or
decompose to form any tar. Noticeable hydrolysis was observed for both
concentration case by the change in colour of pectin from light brown to a slightly

darker shade.

Figure 18. The behavior of PGX starch on the addition of phosphoric acid. From 1&2 it was
observed that when starch was mixed with 40% phosphoric acid at a MR of 1 or 2, it formed a
liquid suspension with the PGX structure being completely destroyed. At 60% concentration
(3&4), it formed a gelatinous mass (5). However overtime phosphoric acid completely
hydrolysed the mass leaving behind a wet tarry residue (6) the next day.

Although, upon the addition of phosphoric acid, a visible collapse of the PGX
structure was observed, even so, the collapsed structure still resembled the initial PGX

polymer in some capacity. Also, it should be pointed out here that due to the highly
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expanded nature of the PGX polymer, it was difficult to uniformly mix the activating

agent with the polymer and there were visible areas where no contact with the

activating agent had taken place.

Figure 19. The behavior of pectin when mixed with 40% phosphoric acid (MR 1). Unprocessed
pectin (left) formed small dry agglomerates, and its PGX counterpart (right) formed similar
agglomerates with the noticeable collapse of the PGX structure.

Through the preliminary test, it was concluded that starch was unsuitable for chemical
activation process using phosphoric acid. Also given the issues (expansion of starch)
that were noticed during direct carbonization as well as the minimal increase in the
surface area offered by PGX processed starch, it was decided not to continue any

further studies with starch.

2.4.3.2 Phosphoric acid as activating agent

2.4.3.2.1 Specific surface area and pore size distribution

During the BET analysis of phosphoric acid AC from pectin, numerous issues were
faced especially with respect to reproducibility of results and more so in obtaining

credible isotherms. The results of the study are listed in Table 9.
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Table 9 Results of gas sorption analysis (SSA and PV) comparing PGX and non PGX
pectin AC using phosphoric acid as activating agent.

HsPOa4

Sl.  Material T(%r(r:\)p " Conc. MR (nS]ZS gl) T(Ogti::_lj)v
% (W/w)

1 NonPGX 400 40 1 619 + 438 0.45+0.33

2 PGX 400 40 1 310 + 221 0.21+0.17

3 NonPGX 600 40 1 374 0.326

4 PGX 600 40 1 384377 0.25+0.23

5 NonPGX 400 85 1 244 0.2

6 PGX 400 85 1 255 0.26

7 NonPGX 600 85 1 <5 n/a

8 PGX 600 85 1 259 0.21

9 NonPGX 400 40 2 <5 n/a

10 PGX 400 40 2 165 £176 0.03 £ 0.005

11 NonPGX 600 40 2 <5 n/a

12 PGX 600 40 2 37 0.1

13 NonPGX 400 85 2 <5 0.002

14 PGX 400 85 2 729 0.4

15 NonPGX 600 85 2 <5 n/a

16 PGX 600 85 2 150 + 149 0.16 £0.14

Table 9 revealed that while there was a considerable increase in SSA compared to the
results obtained through direct carbonization route earlier, it was also evident that
massive variations with up to 90% coefficient of variation existed between different
batches of the material made under identical conditions. Multiple trials were done
both at McMaster University and the University of Waterloo (instrument-
Quantachrome® ASiQwin) for determination of SSA and lead to highly variable
results. Values as high as 1000 m? g* were obtained under some conditions, but the

values dropped to < 10 m? g* at other conditions which did not make scientific sense.
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Since each BET run took at least 48 hours (de-gassing + analysis time), a large portion

of the time was being consumed for the analysis. Multiple de-gassing conditions

(drying time and degassing temperatures) were also tested for some conditions to

understand if any of those factors were having any impact but unfortunately no

conclusive argument could be made.

Since the measurements were being done at random (from the DOE design) it made it

extremely tough to proceed to other conditions without getting credible results first.

Apart from the BET values themselves, the isotherms generated were highly irregular

and lacked the credibility to predict any sort of pore structure from them. A set of

erroneous isotherms obtained are presented in Fig. 20.
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Figure 20. Example of erroneous isotherms. Surface area values calculated from these

isotherms are not credible.
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2.4.3.1.2 Surface morphology of activated carbon

SEM technique was used to study the surface morphology of the AC, the results for

which are presented in Fig. 21.

Figure 21. SEM images (1&2) of AC from PGX pectin (DOE Condition 2), a highly layered
structure was visible and the SSA for this sample was more 500 m?g*. Images (3&4) revealed
the surface morphology of AC from PGX pectin (DOE conditions 10), a relatively smooth
structure with micrometer sized pores was prominent under this condition which had a SSA of
62 m? gt The two conditions differed solely by the MR of phosphoric acid, making it
improbable to predict any generalized trend regarding the surface morphology.

Several hypotheses could be proposed for the observed irregularities in the result

obtained. Phosphoric acid is a severe chemical agent and, given the soft nature of the
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starting polymer, it is possible that the acid was causing severe hydrolysis reactions
and degrading the polymer chains. It had already been observed in the case of starch
which was getting completely decomposed to tar. An appropriate analogy would be
the reaction between sulphuric acid and sugar, where the acid completely decomposes

the sugar molecules.

While during carbonization, there was definitely the development of a pore structure
as indicated by the gas sorption data under certain conditions, however, it is proposed
that the pores formed were not mechanically strong and collapsed during the course of
carbonization and during the post processing stages. It is also possible that the mass
ratios selected were higher than they should have been and better results could have
been obtained at lower mass ratios. Essentially the final product being obtained was

just char having no significant surface area or porosity.

The irregularities in the isotherms obtained also indicate the fragility of the pores. It is
known that condensation of the gas molecules takes place in the mesopores during the
adsorption step [30]. The liquid formed exerts pressure on the walls of the pores, and
if the pores are not mechanically strong, they are susceptible to collapse during the

desorption step, when the liquid starts evaporating.

Taking into consideration the large amount of time that was being invested in the
manufacturing of AC under each condition (24 hours each) and BET analysis (at least
48 hours) combined with the results which at best were average compared to SSA of
commercial ACs, it was decided that it would be best not to do any detailed

investigation in these set of experiments.

57



M.A.Sc Thesis — Indranil Sarkar, McMaster University — Chemical Engineering

It was during the same time that significant success while working with zinc chloride

as an activating agent was achieved. Given the limited availability of the PGX

processed polymers, it was decided to stop using phosphoric acid as an activating

agent and instead move to zinc chloride.

2.4.3.3 Zinc chloride as activating agent

2.4.3.3.1 Statistical analysis of design of experiment

The DOE was designed for maximization of the SSA. The result of gas sorption

analysis is presented in Table 10.

Table 10 Results of gas sorption analysis (SSA and PV) comparing PGX and non PGX AC
from pectin using zinc chloride as activating agent.

sl Material Temp.  ZnCl2 conc. % SSA Total PV
“C) (wiw) (m*g?) (ccg?)
1 Non PGX 400 40 2492 + 28 1280
2 PGX 400 40 2088 + 96 1.07 £0.035
3 Non PGX 600 40 2217 + 233 1.11 + 0.094
4 PGX 600 40 1943 + 168 0.97 £ 0.085
5 Non PGX 400 60 1913+ 12 0.96 £ 0.025
6 PGX 400 60 1729 £ 112 0.91 £ 0.060
7 Non PGX 600 60 2084 + 110 1.02 £ 0.040
8 PGX 600 60 1818 + 44 1 £0.015
9 Non PGX 500 50 2414 + 59 1.22 +0.020
10 PGX 500 50 1917 £ 154 1.11 +0.085

The results of the SSA obtained were significantly higher than any of the previous

methods used. SSAs exceeding 2000 m? g and total pore volume > 1 g cc were

obtained almost under all conditions. However, there appeared to be no significant
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difference when comparing the PGX polymer to the unprocessed one. In fact, under
all conditions, the PGX polymers seemed to have slightly lower SSAs. This can be
attributed to two reasons. The first deduction is based on the TGA analysis that the
PGX structure did not offer any additional thermal stability compared to the
unprocessed polymer, as a result, once the polymer was fed to the furnace, the
remaining structure collapsed and behaved exactly the same way as the unprocessed
polymer. The second reason for the slightly low surface areas can be explained from
experimental observations. Due to the expanded nature of the polymer, it was difficult
to uniformly mix the activating agent with the polymer and there were visible regions

where the activating agent had not come in contact with the polymer.

From the ANOVA analysis (Table 11) the Pareto plot (Fig. 22) and the normal effect
plot (Fig. 22), it was observed that the material type followed by the concentration of
zinc chloride had the most significant impact on the SSA (p value < 0.05).
Unfortunately, it was the non PGX polymer that gave the better results. Since there is
no difference in the chemical structure between PGX and non PGX pectin and
material type is a categorical variable, material type is not a statistically significant
factor that should be considered here. From the effect table (Table 12), it can be seen
that no individual parameter had a positive impact when going from its low to high
setting. Only the interaction between temperature and concentration had a reasonable
positive impact when both were at high values (net effect of 152). It is quite possible
that due to a limited range of the concentrations of activating agent and carbonization
temperatures that were tested, the response obtained under different conditions are
only marginally different from one another. It may be possible to get a more variable
response by increasing the range of limits of the DOE variables.
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Table 11 ANOVA table for DOE comparing PGX and non PGX AC from pectin using zinc
chloride as activating agent.

Source DF AdjSS AdjMS F-Value P-Value

Model 7 1129198 161314 7.53 0.001
Linear 3 943816 314605 14.69 0.000
Material 1 540218 540218 25.23 0.000
Temperature 1 1958 1958 0.09 0.768
Concentration 1 401639 401639 18.76 0.001
2-Way Interactions 3 114994 38331 1.79 0.203
Material*Temperature 1 150 150 0.01 0.935
Material*Concentration 1 22276 22276 1.04 0.328
Temperature*Concentration 1 92568 92568  4.32 0.060
Curvature 1 70389 70389  3.29 0.095
Error 12 256948 21412

Total 19 1386147

Table 12 Effect table for DOE comparing PGX and non PGX AC from pectin using Zinc
chloride as activating agent.

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 2044.2 36.6 55.88 0.000
Material -328.7 -164.4 327 -5.02 0.000 1.00
Temperature 221 -111 36.6 -0.30 0.768 1.00
Concentration -316.9 -158.4 36.6 -4.33 0.001 1.00
Material*Temperature -6.1 -3.1 36.6 -0.08 0.935 1.00
Material*Concentration 746 373 36.6 1.02 0.328 1.00
Temperature*Concentration 152.1 76.1 36.6 2.08 0.060 1.00
Ct Pt 148.3 81.8 1.81 0.095 1.00
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Figure 22. Pareto plot (left) and standard effect plot (right) for DOE comparing PGX and non
PGX AC from pectin using zinc chloride as the activating agent.

2.4.3.3.2 Pore size and pore volume distribution

The isotherms obtained from N2 sorption are presented in Fig. 23. It was apparent that

all the isotherms represented Type | with an H4 hysteresis loop indicating that the AC

was primarily microporous but there were mesoporous regions that were causing the

capillary condensation as observed by the hysteresis loop. This observation was

further confirmed by the pore size distribution for all the DOE conditions Fig. 24,

where more than 70% of the total pore volume was contributed by the micropores

even exceeding 80% under certain conditions. Even for the mesoporous volume, less

than 5% of the total pore volume was contributed by pores greater than 5 nm in size

making the ACs predominantly microporous. The distribution of pore volume is

tabulated in Table 13.
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Figure 23. Gas sorption isotherms for ACs from DOE comparing PGX and non PGX AC from
pectin using zinc chloride as activating agent. Serial numbers (1-10) indicate the DOE

conditions corresponding to Table 10.
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Figure 24. Pore size distribution of ACs from DOE comparing PGX and non PGX AC from
pectin using zinc chloride as activating agent. Serial numbers (1-10) indicate the DOE
conditions corresponding to Table 10.
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Table 13 Pore volume distribution of ACs comparing PGX vs hon PGX AC from pectin using
zinc chloride as activating agent.

S| Material Temp. Conc.% % Total PV % Total PV % Total PV
(°C) (wiw) (<2 nm) (2-5 nm) (>5nm)
1 NonPGX 400 40 78 20 2
2 PGX 400 40 77 20 3
3 NonPGX 600 40 84 15 <1
4 PGX 600 40 80 18 2
5 NonPGX 400 60 78 20 3
6 PGX 400 60 78 16 6
7 NonPGX 600 60 82 17 <1
8 PGX 600 60 72 22 6
9 NonPGX 500 50 75 24 1
10 PGX 500 50 70 26 4

2.4.3.3.3 Surface morphology of activated carbon

The SEM images obtained are presented in Fig. 25. In either case (PGX or Non PGX),

a massive network of a porous web like structure was noticeable. These pores are

distributed throughout the surface of the AC and it was evident that these nano-sized

pores are responsible for contributing to the high values of SSA values obtained

earlier.
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Figure 25. SEM images for AC from PGX pectin (DOE: Condition 8). A massive network of
nano-sized pores was visible that was contributing to the exceptionally high surface areas
obtained. Similar images were obtained for other conditions for both PGX processed and
unprocessed pectin

2.5 Conclusions

The primary aim of this study was to compare the PGX processed polymers to
unprocessed ones for the production of AC. Through this work, it has been observed
that possibly due to the fragile nature of the PGX polymers, the PGX structure is
almost entirely lost during carbonization making it lose all its initial pore structure and

extended surface area.

When exposed to an activating agent (HsPO4 or ZnCl), an immediate collapse of the
PGX structure was noticed (for pectin), and post carbonization it was difficult to
differentiate between the unprocessed and PGX processed polymers. Starch was found
to be unsuitable to be used as a raw material through chemical activation technique

(when treated with H3PO4), undergoing rapid hydrolysis and decomposing to form tar.

The interaction between H3zPO4 and pectin was a unique one as highly variable results
under the same condition were obtained. High SSAs were obtained under certain
conditions but it would seem that the mass ratios used were too high which might

have lead to excessive hydrolysis of the parent polymer network leading to variable
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and difficult to reproduce results. The interaction between pectin and ZnCl, was found
to be highly favorable for the production of high SSA microporous AC. Although no
significant differences were obtained between the PGX vs unprocessed pectin
samples, the SSAs obtained for either of them exceeded 1800 m?/g even at a relatively
mild temperature of 400 °C making it an interesting set of results that required further

investigation.

The present work explored the use of activating agent by making working solutions
based on calculations of mass ratio and initial concentration of the activating agent.
This lead to variable volumes of the activating agent for the same mass ratio for
different concentrations. These variable volumes lead to non-uniform mixing of the
activating agent on the surface of the raw material particularly in the case of PGX
processed pectin which had far more surface to be covered. To negate this effect, and
to best utilise the surface of the PGX polymer, a fixed volume of the activating agent

that would be sufficient to cover the entire surface of the polymer could be used.
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CHAPTER 3: Manufacturing of microporous carbon
from pectin: Process optimization and
characterization

3.1 Introduction

In the previous chapter, a study was conducted to investigate the possibility of using
two different polysaccharides namely starch and pectin for the production of AC using
PGX and non PGX processed variants. The results of the study revealed that starch was
unsuitable for the production of AC using chemical activation and that the PGX
processed polymers did not offer any significant advantage over the unprocessed
polymers in terms of the SSA values obtained when used for the production of AC.
However, some interesting results while using pectin as the raw material and zinc
chloride as the activating agent were obtained, which resulted in the creation of high
surface area AC with SSA exceeding 2000 m? g* and the AC was revealed to have a
high degree of microporosity (~80%). This chapter focuses on optimizing the process
parameters for maximization of the SSA, tuning the porosity as well as analyzing the
physicochemical characteritics of the AC. The AC will also be tested to determine its
adsorption capacity for the removal of heavy metals ions (lead and cadmium) from
water. Since the PGX processed pectin did not offer any notable advantage, this study

will focus solely on unprocessed (non PGX) pectin.
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3.2. Materials and Methods
3.2.1 Materials

Pectin (TexDry LC Citrus) was obtained from Florida Food Products, Texas. Zinc
chloride (anhydrous, free-flowing, Redi-Dri™, reagent grade, > 98%), lead (I1) nitrate
(>99.95% trace metals basis), cadmium nitrate tetrahydrate were bought from Sigma
Aldrich, Canada. Standard ICP solutions for lead (TraceCERT®, 1000 mg/L Pb in
nitric acid) and cadmium (TraceCERT®, 1000 mg/L Pb in nitric acid) were also
purchased from Sigma Aldrich. Commercial AC Hydrodarco 3000 was obtained from

Cabot Norit, California.

3.2.2 Design of experiment for maximization of specific surface area

Since during the previous study with zinc chloride, the mass ratio was kept constant at
a value of 1.25, it was necessary to study the effect of mass ratio to fully understand
the behavior of the interaction between pectin and zinc chloride. A 22 full factorial
study was designed to study the effect of carbonization temperature, the concentration
of activating agent (zinc chloride) and the mass ratio (MR) of the activating agent on
SSA (response). The limits of the DOE are listed in Table 14. The experimental data
was fit with the help of software (Minitab) into a 2" degree regression model, and the
Pareto plot, the normal effect plot and the p-value of the model terms were used to
identify the significant factors affecting the response. AC for all DOE conditions were

manufactured in duplicate to generate any results.
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Table 14 Limits of DOE variables for processing of zinc chloride AC from pectin

Factor Low High
Temperature (°C) 400 600

ZnCl> concentration % (w/w) 40% 60%
Mass ratio 0.5 1.5

3.2.2.1 Synthesis

Preparation of activating agent
Agueous solutions of zinc chloride of 40%, 50%, and 60% (w/w) concentrations were

prepared by dissolving powdered zinc chloride in Milli-Q water.

Synthesis of AC

1 g of pectin powder was added to a beaker, depending upon the mass ratio the
required volume of zinc chloride was added using a syringe and the contents were
mixed together with a spatula. The mixture was then left open to atmosphere for 15
hours. Next day the mixture was transferred to a ceramic boat crucible which was then
placed inside a fused quartz tube which in turn was placed inside a horizontal single
zone tube furnace (Thermcraft Inc.). The furnace temperature was then ramped at
5°C/min to the final carbonization temperature under a nitrogen atmosphere of flow
rate 150 cc/min where it was maintained for another 2 hours. The furnace was then
allowed to cool (<70 °C) before the sample was taken out. Once cooled, the sample
was soaked in 0.5 M HCI for 10 min to dissolve any residual zinc chloride as well as
to clear out the tar blocking any pores. After that, the sample was washed with
NaHCOs3 to remove excess HCI and washed multiple times with DI water until the pH

of the washing solution was between 6 and 7. After washing the samples were dried in
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an oven at 105°C for 24 hours. The AC was then sieved following the same method as

described in section 2.3.2.1.

3.2.2.2 Characterization

The SSA and pore size distribution of the ACs were determined using the
Quantachrome® ASiQwin surface area analyzer using nitrogen adsorption at 77 K.
The samples were degassed at 125° C under vacuum for 24 hours prior to
measurement and the SSA was estimated using the BET method. Adsorption and
desorption isotherms were generated in the relative pressure range (P/Po) of 0.00025
to 1 and the linear range for the BET plot was identified using the micropore BET
assistant within the Autosorb iQ software [31]. The total pore volume and pore size
distribution were estimated using the QSDFT (N2 equilibrium model for slit pores).

Duplicate measurements were performed for each DOE sample.

Elemental analysis for the determination of carbon, hydrogen, and oxygen mass
fractions was determined by combustion analysis using the Perkin EImer CHNS
analyzer. All samples were sent to Guelph Chemical Laboratories Limited, Canada for

analysis purpose.

3.2.3 Scale up and additional characterization of AC made under optimized
conditions

Once the optimum conditions for the maximization of SSA were identified, the
process was scaled up 3 times and AC was manufactured under those conditions using
the same production method as outlined in section 3.2.2.1. 17 batches of AC were

manufactured and mixed together and this bulk batch of AC was then analyzed to
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determine its physical and chemical properties. The different characterization

techniques used are described below.

3.2.3.1 Specific surface area and pore size distribution

The SSA, pore volume, and pore size distribution were determined using gas sorption

following the same method as outlined in section 3.2.2.2.

3.2.3.2 Surface morphology, Elemental analysis, Particle size, and Bulk density

SEM was employed to study the surface morphology of the AC. The AC was spread
on double sided copper tape and coated with 3 nm platinum via sputter coating prior
to analysis which was imaged using the FEI Magellan 400 SEM. Accelerating voltage

was maintained at 1 kV and working distances used were 1-3 mm.

The carbon, hydrogen, and oxygen mass fractions were determined by combustion
analysis. All samples were sent to Guelph Chemical Laboratories Limited, Canada for

analysis purpose, where the analysis was done using the Perkin EImer CHNS analyzer.

Malvern Mastersizer 2000 was used to determine the particle size distribution of the
AC. Water was used as the dispersion phase and the refractive and absorption indices

for AC were selected as 1.6 and 0.

The bulk density of the AC sample was determined by adding the sample into a 10 ml
volumetric flask, followed by measuring its mass using a laboratory balance. The bulk

density measured in triplicates were calculated as:

Bulk Density (g/cc)=Weight of the sample (g)/ Volume (cc)
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3.2.3.3 Point of zero charge

The point of zero charge of the AC was determined using the pH drift method [61].
0.01 M stock solution of sodium chloride was prepared in Milli-Q water and 25 ml
aliquots were pipetted out and transferred into 6 beakers. The pH of the solutions were
adjusted in the range of 2-12 using 0.5 M and 0.1 M HCI or NaOH respectively (pH
measurements were done using instrument Hannah HI552). 50 mg of AC was then
added to each of the beakers, which were then sealed at the top with parafilm and the
solutions were left for stirring for 24 hours at 200 rpm. The solutions were then
filtered using 1 Whatman filter paper and the pH of the filtered solutions was
measured again. A graph of final vs initial pH was plotted and the point of intersection
of the curve with x =y line was used to determine the point of zero charge of the AC.

Measurements were done in duplicates.

3.2.3.4 Adsorption of heavy metals

The adsorption of heavy metals on AC is a complex process and depends on a number
of factors, namely concentration of metal ions, dosage of AC, temperature, contact
time and most importantly, pH. Since the primary purpose of the present study was to
investigate the manufacturing conditions for production of AC from pectin, a
relatively simple procedure was employed to study the adsorption behavior of the AC
without performing a detailed study. Selected values of experimental parameters (pH,
dosage, contact time etc.) were chosen and an isotherm experiment was conducted to

evaluate the maximum adsorption capacity of the AC under those conditions.

Lead (Pb?") and cadmium (Cd?*) were chosen as the model contaminants to evaluate
the adsorption capacity of the AC for removal of heavy metal ions from water in batch
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mode. It is well known that most metal ions precipitate out of solution as hydroxides
as pH is increased, a technique in itself for removal of metals from water [62]. As a
consequence, it is important to select the initial pH value carefully and also track the
final pH post adsorption. This is to ensure that no significant precipitation occurred
and all removal can be attributed to solely adsorption. The extent of precipitation is
unique to each metal and depends on the solubility curve. Keeping that in
consideration, the initial pH values were chosen as 4 for lead and 6 for cadmium based
on the solubility curve of the metal ions (Fig. 37 and Fig. 38). To have a baseline
reference, a control experiment run was also performed using a commercial

representative AC (Norit Hydrodarco 3000) for the adsorption of lead.

Stock solutions (200 ppm) for lead or cadmium were prepared in 1000 mL volumetric
flasks by dissolving PbNO3 (0.32g) or CdNO3.4H,0 (0.55 g) in tap water. Working
solutions (10-100 ppm) were prepared by serial dilution of the respective stock
solutions and 100 mL of the working solution for each concentration was pipetted out
into beakers. The pH of the solutions was adjusted to 4 for experiments with lead or 6
for cadmium using 0.1 N HCI or NaOH. 100 mg of AC was added to the beakers
which were then sealed at the top with Parafilm and stirred at 250 rpm for 15 hours to
ensure equilibrium was obtained. 5 mL aliquots from each beaker were then filtered
using a 0.45 um syringe filter and 5 mL of 4% nitric acid was added to the aliquots for

analysis purposes. Duplicate runs were done for both lead and cadmium.

ICP-OES technique was used to determine the concentration of metal ions, the

instrument was set to performing triplicate analysis for each sample. Prior to analysis,
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calibration curves in the concentration range (10-150 ppm) were generated using

serial dilution of standard solutions for both lead and cadmium (Fig. 35 and Fig. 36).

While there exist various isotherm models for the fitting of adsorption data, to keep
the study simple, the classical isotherm models of Langmuir and Freundlich were used

to fit the experimental data. The model equations are listed in Table 15.

Table 15 Model equations for Langmuir and Freundlich isotherm models

Model Equation
. Qmax X b X C,
Langmuir Q. = 1T b xC
e
. 1
Freundlich 0, = Kp X cn
e

Where:
Qmax is maximum equilibrium adsorption capacity (mg g2). It is interpreted as the

mass of adsorbate (mg) that is adsorbed per unit mass of the adsorbent ()

Qe is equilibrium adsorption capacity (mg g)

Ce is equilibrium concentration of adsorbate in solution (mg L™?)

b is the Langmuir constant relating to the energy of adsorption (L mg™?)

Kr (mg ¥ gt LY and n are Freundlich constants relating to adsorption capacity and

heterogeneity (adsorption intensity) of the adsorbent.

For Langmuir isotherm, a dimensionless constant, called the separation factor is

routinely employed to predict the favourability of the adsorption process [63].
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The process can be unfavorable (R >1), linear (R =1), favorable (0<R.<1) or

irreversible (R.=0).

The fit of experimental data into the respective models was evaluated by minimizing
the residual sum of square values (RSS). For the Langmuir model, the value of Qmax
from the model was compared to the experimental Qmax values obtained and Ry values

were calculated to predict favourability of the adsorption process.

3.3 Results and Discussions

3.3.1 Statistical analysis of design of experiment

The DOE was conducted to determine the optimum process conditions that would
maximize the SSA. The results of the SSA along with the total pore volume and

elemental composition (carbon and oxygen content) are tabulated in Table 16.

Table 16 Results of gas sorption and elemental analysis for DOE maximising the SSA of zinc
chloride AC from pectin

ZnCl:
3| T(eoncw:;;. cc();:)c. Zl\r;lclilz (n§§§1) T?Ct?lgF;;/ %C %O
(wiw)
1 400 40 0.5 1419 +22 0.57 £0.015 68.9 26.6
2 600 40 0.5 1436 £ 153 0.57 £ 0.059 69.2 26.2
3 400 60 0.5 1497 + 64  0.62 + 0.023 70.3 25.2
4 600 60 0.5 1320 £ 174 0.51 +0.067 68.8 26.3
5 400 40 15 1928 +33 1.04 +0.036 71.1 23.2
6 600 40 15 2007+217 1.09+0.118 71.4 22.9
7 400 60 15 2011 +£131 1.10+0.057 69.5 25.3
8 600 60 15 1845+78 1.09+0.110 68.8 26.8
9 500 50 1 2175+52 0.98+0.010 71.5 25.1
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At low mass ratio (0.5) all the isotherms (Fig. 26) obtained were of type 1, based on
IUPAC classification [30]. These are for pure microporous materials with pore size 0-
2 nm. This was confirmed by the results in Table 17, where up to 99% of the total
pore volume was contributed by micropores. At high mass ratio (1.5) the isotherms
resembled type 1 but have a type H4 hysteresis loop indicative of capillary
condensation that occurred in the mesopores during desorption. These results are also
confirmed by the volume distribution where there was a decrease in the micropore
volume at high mass ratio confirming the presence of mesopores. Even so, up to 98%
of the total volume was still contributed by pores in the range of 0-5 nm resulting in a

predominantly microporous AC.

Table 17 Pore volume distribution of ACs from DOE for maximization of SSA of zinc
chloride AC from pectin.

Temp. ZnClz ZnCl Total % Total % Total % Total
Sl C) Conc. MR PV PV PV PV
(w/w) % (ccgl)  (0-2nm) (2-5 nm) (>5 nm)
1 400 40 0.5 0.57 97.5 24 0.1
2 600 40 0.5 0.56 98.3 15 0.2
3 400 60 0.5 0.62 94.5 4.5 1
4 600 60 0.5 0.49 99.7 0.3 0
5 400 40 15 1.08 72 24.7 3.3
6 600 40 1.5 1.06 69.2 30.2 0.6
7 400 60 15 1.16 74.2 23.2 2.5
8 600 60 15 1.24 55.3 40.2 4.4
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Figure 26 Gas sorption isotherms of ACs from DOE for maximization of SSA for zinc chloride
AC from pectin. Serial numbers (1-9) indicate the DOE conditions corresponding to Table 16.
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Figure 27 Pore size distribution of ACs from DOE for maximization of SSA for zinc chloride
AC from pectin. Serial numbers (1-9) indicate the DOE conditions corresponding to Table 16.
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The elemental analysis data confirmed that under all conditions the chemical

composition of the final AC remained relatively constant and any variations in the

SSA results were purely structural. The SSAs obtained were in the range of 1400 m?

glto 2200 m? g . Based on the Pareto plot (Fig. 28), normal effect plot and the p-

values of the model terms from ANOVA (Table 18), only the mass ratio (p < 0.05)

had any significant effect on the SSA.

Term

C

AB

BC

A

AC

Factor Name

Percent

Standardized Effect

A Temperature
B Concentration
C Mass Ratio
1 2 3 4 5 6

Effect Type

e Not Significant

m Significant

-3 -2 -1 0
Standardized Effect

mC

Factor Name

A Temperature
B Concentration
C Mass Ratio

1 2 3 4 5 6

Figure 28 The Pareto plot (left) and normal effect plot (right) revealed that the MR was the
only significant factor affecting the SSA of zinc chloride AC from pectin.

Table 18 ANOVA table for DOE maximizing the SSA of zinc chloride AC from pectin

Source DF AdjSS AdjMS F-Value P-Value
Model 6 1268120 211353 3.23 0.044
Linear 3 1139347 379782 5.80 0.013
Temperature 1 17161 17161 0.26 0.619
Concentration 1 1764 1764 0.03 0.873
Mass Ratio 1 1120422 1120422 17.10 0.002
2-Way Interactions 3 128773 42924 0.66 0.596
Temperature*Concentration 1 84972 84972 1.30 0.279
Temperature*Mass Ratio 1 5776 5776 0.09 0.772
Concentration*Mass Ratio 1 38025 38025 0.58 0.462
Error 11 720860 65533
Curvature 1 392502 392502 11.95 0.006
Lack-of-Fit 10 328358 32836 * *
Total 17 1988980
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Since a major driving force for this study was to keep the process conditions less
severe, the carbonization temperature and ZnCl, concentration were fixed at 400 °C
and 40% respectively and the study was continued to study the effect of mass ratio on
the SSA. Even at low MR (0.5) the SSAs obtained were quite high exceeding 1000 m?
g!, and as the MR was increased so did the SSA, reaching a plateau then dropping a
little (Fig. 29). The pore volume distribution obtained was similar to the DOE results,
as the mass ratio was increased there was a steady drop in micropore volume and
increase in mesoporosity (Fig. 29). The maximum SSA obtained was 2464 m? gt at a
MR of 1.25. This condition was finalized (temp. 400° C, MR 1.25, ZnCl, conc. 40%)

as the optimum condition to make any future AC samples.

BN 0-2 nm EZ4 2-5nm [ >5nmm

BET SSA (m?g™")

25001 S\
20001 21> W1
1500+ TF’, AN
000 2 075 NN
N .
0 25 50 75 100
Mass Ratio Percentage of Total Pore Volume

Figure 29 The effect of MR on the SSA (left) and PV distribution (right) on zinc chloride
activated carbon from pectin

Previous works have reported that during the impregnation step, ZnCl penetrates to
the interior of the particles causing hydrolysis of the parent polymer network which
results in the exit of volatiles, weakening of polymer network, increase in elasticity
and swelling of the particles [64]. While during the carbonization stage, ZnCl.is

reported to prevent pyrolysis products such as tar and causes hydrogen and oxygen
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molecules to be removed as water rather than large hydrocarbons thus leaving behind
a largely untouched carbon skeleton [25]. At low mass ratios, ZnCl, can be uniformly
distributed throughout the interior of the particle thus producing AC with uniform
microporosity. At high mass ratios, however, even though greater swelling is observed
the large quantity of ZnCl, cannot be uniformly distributed in the interior of the
particles and a more heterogeneous pore distribution is observed with the development
of mesopores and macropores [64]. The DOE results provide strong evidence in favor

of previously reported observations.

3.3.2 Characterization of activated carbon made under optimum conditions

The optimum conditions identified for the manufacture of AC using zinc chloride
were a ZnCl concentration of 40%, a mass ratio of 1.25 and a carbonization
temperature of 400 °C. The 17 different batches of AC made under these conditions
were mixed together and analyzed for physical and chemical characterization. The

results from the characterization techniques are discussed below.

3.3.2.1 Specific surface area and pore size distribution

The mean SSA obtained was 2049 + 52 m? g with a total pore volume of 1.09 +
0.045 cc gt. Similar isotherm (resembling type 1 with an H4 hysteresis loop) and
pore size distribution curves were obtained (Fig. 30) as during the DOE with up to 98
% of the total pore volume being contributed by pores in the size range of 1-5 nm,
indicating a high degree of microporosity (78%). The observed drop in surface area
can be explained due to the fact that the process had been scaled up three times and a

total of 17 different batches were mixed together before performing any analysis.
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Figure 30 Gas sorption isotherm (left) and pore size distribution (right) of AC made under
optimized conditions

3.3.2.2 Surface morphology, Particle size, Elemental analysis, and Bulk density

The morphology of the AC was visualized through the SEM (Fig. 31) which was
indicative of a highly porous, well-developed network of pores throughout the surface
of the AC. These nano-sized pores were responsible for contributing to extensive

internal surface areas as confirmed by the gas sorption results.

Figure 31 SEM images of AC made under optimized conditions representing a well
developed network of nano-sized pores

The particle size distribution curve is presented in Fig. 32. The statistics of the

distribution are calculated from the results using the derived diameters based on
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British standard BS2955:1993. D(0.5), D(0.1) and D(0.9) are the standard percentile
readings from the analysis where D(0.5) is the size in microns at which 50% of the
sample is smaller and 50% is larger. This value is also known as the mass median
dameter. Similarly, D(0.1) is the size of the particle below which 10% of the sample
lies and D(0.9) is the size of the particle below which 90% of the sample lies. The

values obtained are presented below:

D(0.1) = 164 um

D(0.5) = 376 um

D(0.9) = 745 um

It should be pointed out that since 30x80 mesh fraction was used for analysis purpose,

the values of D(0.5) obtained is within the range of the individual mesh opening sizes

which are 595 pum (#30) and 177 um (#80).

12+
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Figure 32 Particle size distribution of AC made under optimized conditions

Due to its highly porous structure, the AC had a very low bulk density of 0.21 g cc™.
The elemental composition of pectin before carbonization had 42% carbon, 7%
hydrogen, 50% oxygen and trace quantities of nitrogen (<1%). Post carbonization the

carbon content to increase to 70% and there was still 23% oxygen content in the final
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form indicating that there are several oxygenated functional groups (carboxylic acids,

alcohol, ester etc.) still present in the AC that will influence its adsorption behavior.

3.3.2.3 Point of zero charge

The point of zero charge is a crucial characterization technique as it allows to
understand the nature of charge on the AC surface under different pH conditions. A
property that helps to identify the optimum conditions under which the AC will
behave as a superior adsorbent. It also helps in understanding charge based attraction
or repulsion that may occur between the AC surface and the target contaminant. For
the AC in the study, the point of zero charge determined by pH drift method was
found to be 6 (Fig. 33). This would mean that for pH values above 6 the surface of the
adsorbent will be negatively charged and for pH below 6, it would be positively
charged. The relative magnitude of positive and negative charge (surface charge
density) on the surface at different pH values can be determined but was beyond the

scope of this study.
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Figure 33 Determination of point of zero charge. The dotted line (in this case ~6) represents
the point of zero charge of the AC made under optimized conditions
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3.3.2.4 Adsorption of heavy metals

Since the experimental parameters were not optimized prior to conducting the

isotherm study, the values obtained do not represent the maximum possible capacities

for the AC. The adsorption isotherm curves and constants are presented in Fig. 34 and

Tables 19 and 20.
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Figure 34 Adsorption isotherms for lead (left) and cadmium (right)

Table 19 Adsorption isotherm constants for lead (Pb?*) removal using AC made under

optimized conditions

Langmuir Model

150

Qmax (mg gl) b ( L mg'l) RSS

10.27 0.068 2.8
Freundlich Model

Kr (mg 10 gt LV n RSS

1.88 2.9 2.8

Table 20 Adsorption isotherm constants for cadmium (Cd?*) removal using AC made under

optimum conditions

Langmuir Model

Qmax (Mg g) b (L mg?) RSS

9.49 0.056 0.72
Freundlich Model

Ke (mg gt L) n RSS

1.8 3.06 0.29
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The experimental values of the maximum equilibrium adsorption capacities for Pb?*
and Cd?* were found as 9.2 mg g* and 8.6 mg g*. Under the same conditions, the
commercial AC gave adsorption capacity of 1.6 mg g* for Pb?*. Although it is unfair
to compare ACs one to one basis on a set of results under one set of specific

conditions it does give us a good foundation to design more complex studies.

The experimental data fit both the Langmuir and Freundlich isotherm models with
high degree of confidence. Looking at the RSS, it was difficult to predict that the
adsorption kinetics follows one of the two models. Given the relatively low
concentration range, the experiments were conducted at, either of the models fit the
experimental data and adsorption experiments at higher concentrations are required to

find the actual kinetics.

The separation factor (Rr) values for Langmuir isotherm lied in the range of 0.65-0.1
for both lead and cadmium and indicating that the adsorption was favorable and the
process was more favorable at lower concentrations since at higher concentrations
there is saturation of the adsorbent surface leading to less number of favorable

adsorption sites.

The value of Freundlich constant n is a measure of surface heterogeneity. The closer
the value of 1/n to zero, the more heterogeneous the surface. A value of 1/n >1
indicates chemisorption, while <1 indicates co-operative (physical adsorption)

adsorption which appeared to be the case in out results.
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3.4. Conclusions

The present work investigated the possibility of creating high surface area AC from
naturally abundant polysaccharide pectin. The study investigated the process
conditions for maximizing the SSA and well as characterizing the physical and

chemical properties.

It was found out that the among the process conditions, the mass ratio of the activating
agent (ZnCly) was the only significant factor contributing to the surface area or the
pore volume. The AC obtained was predominantly microporous although there is the
possibility of tuning the pore size distribution by varying the mass ratio. On further
characterizing the AC, through elemental analysis and point of zero charge
measurements it was found out that the AC surface is rich in oxygenated groups.
Although there is a large scope for optimization, preliminary adsorption experiments

showed promising adsorption capacity for heavy metal removal from water.
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CHAPTER 4: Conclusions and Future Works

4.1 Conclusions

The growing demand for AC for various environmental applications has spurred a
great amount of interest among researcher to find sustainable alternatives to coal for
its production. This work provides an insight into the possibility of polysaccharides
(starch and pectin in particular) for the manufacture of AC using conventional
techniques of production. A significant amount of emphasis was given to the

possibility of using PGX processed polymers for producing these carbon materials.

In chapter 2 a detailed study was conducted to compare PGX processed polymers and
unprocessed polymers for AC production through two different approaches. The focus
of the study was to monitor any significant variations in the SSA and pore size
distributions of the AC obtained. The first approach (direct carbonization) revealed
that the PGX structure was not maintained during the carbonization process and the
final products from both the PGX and non PGX variants had minimal or no surface
area post carbonization, essentially just producing char. The second approach
(chemical activation) revealed a lot about the nature of the interaction between the
starting polymer and the chemical activating agent. Starch was deemed unsuitable as a
raw material using phosphoric acid as activating agent since it got completely
decomposed to tar. The behavior was observed with both PGX and non PGX
polymers. Pectin had a slightly better response with improved SSA values under
certain conditions but it was found to be extremely difficult to reproduce any results
indicating that the nature of the interaction is not homogeneous and it is possible that

it is heavily dependent on the mixing stage. It might have also been possible that the
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mass ratios being used were towards the higher end and at lower mass ratios it might

be possible to get consistent results.

The interaction between pectin and zinc chloride as an activating agent, however, was
found to be extremely favorable for the production of high surface area AC with a
high degree of microporosity. SSAs exceeding 2000 m? g and microporosity up to
80% were obtained under relatively mild conditions of temperature. However, as with
the earlier approach, no significant variations were noticed between PGX and non

PGX processed polymers

Chapter 3 focused on further investigating the process conditions for producing AC
using pectin and zinc chloride. It was revealed that the mass ratio has the biggest
impact on both the surface area and the porosity. It was possible to manufacture AC
with extremely high micro porosity (~100%) just by varying the mass ratio. There
existed some degree of tunability in the pore size distribution although the AC was
primarily microporous. Once the optimum conditions for maximising the SSA had
been identified, it was followed by comprehensively characterizing the AC. Elemental
analysis revealed the AC to have ~25% oxygen indicating a high degree of surface
functionality. The SEM analyses showed a highly webbed network of nano sized
pores. The AC was also tested for removal of heavy metal ions from water (Pb?*,

Cd?*) and the preliminary adsorption results showed promising adsorption capacities.
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4.2 Future works

While the present work has given us a brief insight on the use of polysaccharides
(starch and pectin) for production of AC, there exists the tremendous potential for
exploring both, the process parameters and the final applications in detail. Some of

which are discussed below

4.2.1 Other polysaccharides and activating agents

The present study focused on two polysaccharides (starch and pectin) as the raw
materials and two activating agents (phosphoric acid and zinc chloride). Other
common polysaccharides that could be tested include chitosan, alginic acid, and
cellulose while other activating agents include potassium hydroxide, boric acid,
sulphuric acid, potassium chloride and, sodium hydroxide. It would be interesting to
study the interaction between the many possible combinations. Similarly, the effect of
different source of pectin or the different varieties of starch could be an interesting
study. Physically ACs using CO. or steam are known to be mechanically stronger than
chemically ACs due to the high temperature requirements, it would worth studying the
variation in surface morphology and pore size distribution of these ACs compared to

the chemically activated ones.

4.2.2 Cross-linked PGX polymers

While there did appeared to be no significant difference between the PGX and non
PGX processed polymers post carbonization, primary due PGX polymers offering no
additional thermal stability, it was using only the base polymers. It might to possible

to crosslink the parent polymer inside or prior to entering the PGX vessel to obtain a
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much more resilient and thermally stable polymer. Under these conditions, it could be
possible to maintain the PGX structure during the carbonization stage, which is

primarily mesoporous giving us mesoporous AC.

4.3.3 Additional characterization

The AC obtained through zinc chloride activation was revealed to have a high degree
of surface functionality due to the presence of a significant proportion of oxygen. It
would be interesting to be able to identify those functional groups, as it would allow
the possibility of performing numerous post carbonization modification on the carbon
for maximising its performance for an intended application. X-ray diffraction (XRD)
study would be useful to identify the crystalline structure of the AC and the changes
that occur with variation in temperature. Electrochemical applications typically
requires a high degree of crystallinity and such a study would provide useful insight
into it. Boehm titration method would be useful in quantifying the acidic and basic
groups of the AC. Only a limited range of mass ratios was tested in this study and it
might be possible to further optimize the process by lowering the mass ratios to a

minimum value without having a significant effect on the SSA values.

4.3.4 Batch adsorption optimization and continuous adsorption studies

Only a preliminary adsorption study was conducted under this project. There remains
to be done a vast number of optimization studies for the identification of optimum
dosage, temperature, and contact time for maximizing the adsorption capacity.
Additionally, kinetic and thermodynamic studies are required to understand the nature
of adsorption between the AC and the adsorbate. Since AC has a higher affinity for
adsorbing organic molecules, other contaminants of focus should be disinfection by
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products (DBPs), like trihalomethane (THM) and haloacetic acids (HAA). Once
sufficient data based on batch tests have been obtained, the AC should also be tested
for use in fixed bed adsorption column for continuous operation to generate
breakthrough curves and for determination of pressure drop across the column during
operation. The high degree of microporosity could be useful in gas phase applications
and the AC should definitely be tested for either gas storage or gas adsorption

applications.

4.3.5 Scale up and recovery of activating agent

The scale of production in this study was limited by the size of the tube furnace.
While a minor scale up was done during the production of optimized AC, it would be
interesting to study how scaling up the process for example 100 times would effect the
SSA and pore size distribution. Scaling up of the process will also allow the
possibility of leaching out the residual zinc chloride post carbonization in sufficient

quantities and reusing it.

4.3.6 Economic analysis

Since the ultimate aim of the project is to determine if polysaccharides can be a
feasible alternative to coal as a potential replacement for the production of AC, it is
extremely important to perform economic analysis for the entire process. While no
process changes during the manufacturing have been proposed when using non PGX
processed polymers, if PGX polymers are to be used, there will be an additional cost
that will have to be considered during the analysis. The current study concluded that
pectin is a suitable alternative for the manufacture of high surface area microporous
AC. Pectin at this time lacks the market supply and demand compared to that of coal.
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Since pectin is currently employed in the food industry the production process needs
to meet good manufacturing practices and typically the final product is of high purity.
This makes it unsuitable for pectin to be sold at the same low prices as that of coal.
However, for the producers who do indeed manufacture pectin on a large scale for non
food applications, the cost of manufacturing is reasonable low and there are currently
a couple of suppliers in e-commerce website like Alibaba that are able to provide
competitive prices for pectin that can match the price of coal. So it is indeed possible

to make commercial grade AC from pectin while being economically competitive.
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APPENDIX

A.1 Analysis of gas sorption data (SSA, PV and pore size distribution) of
commercial ACs

Five different commercial ACs were obtained and gas sorption analysis was

performed for determination of SSA, PV and pore size distribution.

Table 21 Gas sorption analysis of commercial ACs

5| AC SSA Total PV % % Intended
' (m?2g? (ccg?) Micropore  Mesopore Application
Norit
1 Hydrodarco 1075 114 34 66 \T/\gi:nem
3000
Norit Water
2 Hydrodarco C 558 061 29 & Treatment
Norit Gas
3 Vapure 410 1078 053 81 19 Purification
Norit Gas
4 Varpure 612 928 0.48 7 28 Purification
5 Hydrocarb 1101 0.569 73 14 ater
Treatment
A.2 Calibration curves for ICP-OES
e Calibration curve for lead (Pb?*)
400001
0 30000+
2
2
g 200001 y=193.6x+81
3
< 10000- R? = 0.999
0 1 L] T 1
0 50 100 150 200
Conc. (ppm})

Figure 35 ICP-OES calibration curve for lead
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e Calibration curve for cadmium (Cd?*)

400000-
= 300000-
S
2
g 2000007 y=2250.7x+2399.2
8
< 100000 R? = 0.999

0 L] T L] 1
0 50 100 150 200
Conc. (ppm)

Figure 36 ICP-OES calibration curve for cadmium

A.3 Solubility curves for lead (11) and cadmium (I1)

The solubility curves for metal ions were generated using the software Medusa, which
was developed by the department of chemistry, KTH Royal Institute of Technology,
Stockholm, Sweden.

e Solubility curve for lead (Pb?")

Total [Pb?*] = 150 ppm

2
PL2 Pb(OH)>(s)

OH-

Figure 37 Solubility curve for lead
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e Solubility curve for cadmium (Cd?*)

0 - Total [Cd?*] = 150 ppm
,H+
-2
n T~ cdz2+ CA(OH)>(s)
. \/\ O
T T CaoH™> -
S ) o
-6 \ o | CHeOH) ,
[ -:h\_‘ - ~
\7--/ -
-8 rd \
1 Lo 1 1 : 1 \H“\\ |
2 4 6 8 10
PrH

Figure 38 Solubility curve for cadmium

A.4 Comparative performance of commercial ACs for removal of lead from
water

A batch adsorption test was conducted to compare the performance of 3 different
commercial ACs for the removal of Pb?* from water. The experimental conditions are

presented in Table 22 and results are presented in Fig. 39.

Table 22 Experimental conditions for adsorption study comparing commercial ACs

Parameter Value
Feed concentration (ppm) 10
AC dosage (mg) 100
Adsorption time (hrs.) 4
Stirrer speed (rpm) 250
Feed volume (ml) 25
Feed pH 4-8
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Figure 39 Lead removal efficiencies of commercial ACs

It would appear from the results that Norit-410 and Hydrodarco-C (HD-C) have

performed exceptionally well with almost 100% removal efficiency. However, it is

not the case here. As previously pointed out it is extremely important to monitor the

pH of the solutions during the adsorption process. The initial pH of the solutions was

in the range of 4-8 and the final pH of the solutions are presented in Fig. 40

zNorit-410  #HD-C

#»HD 3000
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MM
A

AT
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AT
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ALY *
AN

ELLHLHBM»\%
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A

.........
0 M= W W= MmN e 2

Hd |euly

Initial pH

Figure 40 Effect of different sources of AC on pH of the solution during the adsorption

process

As can be seen, the final pH values for all the solutions are greater than 7 in case of

Norit-410 and Hydrodarco-C even for starting pH values of 4 and 5. For a lead

concentration of 10 ppm, the precipitation pH for lead is ~ 6.5. Above this pH lead has

completely precipitated out of the solution in form of Pb(OH)2 and the removal
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efficiencies do not represent the true removal capacities of the ACs. Hence the
reported values of removal efficiency where the final pH is greater than 7 do no

represent the accurate adsorption capacity of the AC.

This experiment was conducted as a proof of concept that every AC is different and it
is unfair to compare different ACs based on one set of conditions. The heterogeneous
properties of different ACs combined with the complexity of the adsorption process, it
is very important to perform a comprehensive set of experiments before establishing
any conclusions. It is also important to monitor the pH values of the solutions before
and after adsorption to ensure that accurate adsorption capacities are recorded and
precipitation effects are taken into account. These experiments were performed prior
to the adsorption experiments using in house AC so all the precautions were taken

care of during those set of experiments.
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