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Abstract

The generation of pyrolytic carbons through pyrolysis is rising due to energy recovery in the
form of pyrolysis gas and pyrolysis oil from various waste sources, as well as the production
of hydrogen from methane decomposition. In parallel, the demand for many forms of carbon

is on the rise. Therefore, to make pyrolytic carbon viable for applications, further processing

steps are necessary

In this thesis, pyrolytic carbons derived from the pyrolysis of polyolefin (PyCP) and methane
gas (CMP) were investigated. Separation methods such as flotation, settling velocity, and wet
magnetic separation were used for the purification of PyCP. Reverse flotation of PyCP showed
some promising results for carbon grade improvement. CMP is considered the purest and finest
of all pyrolytic carbon samples received. Agglomeration tests were performed on CMP to
improve its transportability and applicability. Lignosulfonate binders were considered the best

based on high compressive strength test results in comparison with other binders.

There are many potential applications for the purified carbons of the PyCP, such as immproving

the carbon surfaces.
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Chapter 1: Introduction and Background of Study

The concept of energy recovery and decarbonisation will always be in the scope of all modern

processes to tackle the dual challenge of energy efficiency and global warming [1].

Energy recovery from hydrocarbon often refers to procedures that extract or harness energy
from carbon-containing molecules or materials [2]. There are several methods for energy
recovery from hydrocarbon waste with waste-to-energy (incineration) and pyrolysis being the

principal ones [1].

Regardless of the process for energy recovery used, the goal often remains the same:
maximising energy generation through waste reduction, applications of side streams, and
products for other energy utilisation processes [6]. Alongside most energy recovery processes
and any industrial process is the control of emissions or possible ways of eliminating them due

to the impact of global warming [7].

Similarly, the processes of decarbonisation and energy utilisation can often result in solid
carbons of interest with varied applications, especially from modern thermal waste to energy

processes such as pyrolysis [3][4].

1.1. Pyrolysis

Pyrolysis is a process that incorporates the heating of organic materials m the absence of

oxygen, generally, to produce carbon-rich products (char), oils, and pyrolysis gas [12].

However, the type of product is often dependent on the type of material used for the pyrolysis
process [13]. Regardless, it is an important method used to produce carbon with diverse
applications across different industries [6]. Many publications on pyrolysis are easily found in
the hterature [3][4][5].

Another carbon of nterest is that generated from the pyrolysis of methane for the generation
of hydrogen gas used for the decarbonisation of industries. Regardless of whatever organic
source is used for the pyrolysis, the process is always a decomposition of the original feed

material.
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1.1.1. Types of Pyrolysis

There are types of pyrolysis classified as:

1. Carbonisation is often regarded as the complete pyrolysis of organic matter into solid
carbon, known as charcoal. It can be scientifically described as the gradual progress of
a carbon compound under the influence of rising temperatures, resulting in the loss of
liquids and gases, and leaving behind a solid product [8].

2. Slow pyrolysis: this is otherwise regarded as low-temperature pyrolysis, typically
below 400°C [9].

3. Medum temperature pyrolysis occurs at temperatures between 400 and 600°C [9].

4. Fast pyrolysis: this type occurs at temperatures above 600°C and is often used to
produce bio-oils [10].

1.1.2. Reactor Types Used in Pyrolysis.

The reactor types often used for most pyrolytic processes include cyclone reactors, rotating
cone reactors, circulating fluidized bed reactors, vacuum pyrolysis reactors, and microwave or

molten salt reactors [11].

These reactors can also be classified based on their energy transfer methods. e.g., microwave
and plasma, the reactor designs, e.g., a fluidized bed, a bubble column, ora combination of two

or more technologies, e.g., moving bed reactors [11].

A look mto energy recovery and decarbonisation through pyrolysis is very promising when
compared to other processes. Also important is the abundance of materials necessary for the
process. A typical example of such materials would be polyolefins, an abundant municipal
solid waste (MSW). Methane gas, a naturally abundant, cheap gas that can also be obtained

from biodegradables, can also be considered.

1.2. Statement of Task

The generation of pyrolytic carbons through pyrolysis is rising due to energy recovery in the
form of synthetic gas, pyrolytic oil, hydrogen gas from methane, waste plastics from MSW,
etc. Also, the demand for these carbons is on the rise but not without adequate purification and

processing to an acceptable state.
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This thesis will deal with the possible purification and agglomeration ofsome pyrolytic carbons

of interest.

1.3. Aim and Objective

The general scope of this work is about the characterization, purification, and agglomeration

of pyrolytic carbons from polyolefins (PyCP) and carbon from methane plasmalysis (CMP).

The specific objectives are:

1. Optimisation of flotation of grade-recovery of processed graphite using different
reagent concentrations and volume percent of solid content in a Denver and pneumatic
flotation cell.

2. To check the feasibility of separation and grade improvement of PyCP using flotation,
magnetic, and settling velocity methods

3. To test for influence of water content and different binders on the compressive strength
of the CMP from plasma pyrolysis of methane gas through pressure and tumble growth

agglomeration.

Based on objective 1 above, the feasibility of using graphite flotation as a model for the
flotation purification process of PyCP was studied. Also, the agglomeration test results will

provide the needed information for a data handling sheet for transportation and storage

purposes.
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Chapter 2: Literature Study

The literature study looked at the techniques used for the beneficiation of graphite, a natural
carbon, the description and characteristics of polyolefins, the pyrolysis reactions, the
pretreatment process, and applications of PyCP. Furthermore, a look at the hydrogen economy
and the modern trend towards hydrogen production from methane pyrolysis, along with a
description of the various CMPs from it, were reviewed. Lastly, the general agglomeration

process and compressive strength method of testing were also looked at.

3.1. Review of Techniques used for Graphite Beneficiation

Graphite is one of the most prevalent naturally occurring polymorphs of crystalline carbon,
along with diamond. The creation of graphite is a result of contact or regional metamorphism
of sedimentary organic matter [16]. Among its several applications is the production of
graphene, which is a highly conductive material used in batteries for green energy transition
[17].

Like most minerals, the size of graphite is reduced through comminution for liberation.
Liberated graphite is nherently hydrophobic and floatable, and it is generally established that
liberation has a key effect on increasing recovery and grade [18]. The type of comminution
method used varies with the graphite type. However, the main goal is to prevent very fine
graphite particles [18]. Flotation is the principal beneficiation process for graphite since the
mineral is highly hydrophobic. However, despite its natural flotability, the separation from

gangue minerals is often dependent on the addition of surfactants and depressants [19].

With regards to the flotation process itself, several works have been attributed to fine particle
flotation, of which graphite is considered a part because of its median size fractions of 20.5um
of some processed products [24]. In general, the flotation performance of particles between 20
and 150um is often considered true flotation because there is little effect due to entramment

[22][23].

Conversely, particles of size class <20um are poorly recovered by flotation due to a decreased
particle-bubble collision probability [25]. Because tiny particles are easily deflected by their
low mass (and inertial force), they are deflected by hydraulic drag forces caused by miniature

whirlpools i a turbulent environment (mechanical flotation reactors) and rising bubble swarms
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(pneumatic flotation reactors). As aresult, small particles tend to follow the fluid streamlines

around the bubbles rather than collide with them [25][26].

A comprehensive review of the various adaptations used for the flotation of fine particles is
carried out by Tattu et al [27]. However, a more recent novel approach in reducing bubble size
for improved energy of collision [29]and the use of hydrophobized glass bubbles for improving
grade recovery has been done [28].

The production of a higher purity of graphite is also done by the acid leaching technique, often
done after flotation with the use of common morganic acids [21]. Leaching reduces impurities
and can also be done before flotation to remove gangue [20]. This combination of flotation and
acid leaching has been shown to be effective for the purification of graphite [21].

3.2. Pyrolytic Polyolefins

The disposal of MSW organic and plastic waste takes different forms based on technology and
mterest. One of the possible ways of disposing of such waste is through the valorisation of this

waste by pyrolysis. As an important process used for the production of carbon with diverse

applications for different industries [14], it has come to the fore in most research work.

One of the materials of interest for this work is polyolefins, polymers of alkenes often known

as polyethylene and polypropylene.
Table 1 below shows some of the properties of this polymer.

Table 1: Properties of Polyethylene [42]

Properties of Polyethylene
Density 0.910-0.965 g/cm’

Crystallinity From low crystalline and high amorphous to
high crystalline to low amorphous

Characteristics Flexible and good transparency
Good moisture barrier properties

High mpact strength at low temperature
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The pyrolysis of this type of material is of importance to modern society, considering the
volume of plastic waste generated globally for the year 2019 as 353 million tonnes and 53.1
million tonnes in the EU alone [15].

3.2.1 Pyrolysis of Polyolefins

Generally, pyrolysis is often applied for the recycling of polymeric waste for the production of
chemicals as feedstock [1][2] and carbonaceous materials [3]. For these processes, the use of
catalysts is essentially considered a primary factor [31][32][33]. However, most techniques
using catalysts for polyolefin cracking have the disadvantage of requiring significant
concentrations of catalysts up to 20 wt% i relation to the polymer feedstock [34]. Recent
experiments, however, showed the use of Lewis acids like AICI3 and mixtures with TiCls to

increase the contact of the polymer melt with the catalyst [34].

A comparative study on the pyrolysis of polyolefins and polyethylene terephthalate (PET) leads
to the formation of'tar with mainly paraffinic and aromatic structures, respectively [35]. Onthe
other end, the production of wax from polyolefins is subjected to a temperature of 450—600°C

in a conical spouted bed reactor [36].

The production of useful carbon for reinforcement was by the production of carbon nanotubes
(CNT) through the passage of gaseous products from the pyrolysis of polyolefins and other
plastics through a chemical vapour deposition reactor at 700°C, and product enhancement
was by the use of Fe and Co catalysts [37]. Also, CNT can be produced from pyrolysis oil [38]
and hydrogen production [39].

Furthermore, it is an innovative process for the production of multi-wall carbon nanotubes by
the pyrolysis of virgin or recycled polyolefins [41]. However, further nvestigations are needed
to determme the product quality. The few works on pyrolytic carbon from olefins show the
possibility of generatng CNT. However, the issues of purity and improvement of carbon
quality are yet to be analysed.

Pyrolytic carbons are generally similar to graphite but with some covalent bonding as a result
of imperfections [40]. They are also considered to have a high strength-to-weight ratio with
unique thermal properties and diamagnetic properties agamnst the cleavage plane at room
temperature [40]. However, these similarities cannot be clearly distinguished due to the

anisotropic nature of carbon itself.

Investigation of carbon produced by pyrolysis: Characterisation and Processing 6




3.2.2. Treatment Processes of Pyrolytic Carbons from Polyolefins

As already mentioned, the pyrolysis process converts the plastic waste nto useful materials

and fuels at the required temperature and in the absence of oxygen. One of such material
produced is the PyCP of interest.

The properties of PyCP are determined by the kind of plastic, the presence of a catalyst, and
the reaction parameters, such as temperature, residence time, and pressure [64]. Also, is the use
of catalyst like acidic zeolites during pyrolysis for the production of aromatic and polycyclic

aromatic hydrocarbons [66].

Polyolefins waste can undergo pretreatment processes such as screening, sorting, washing and
flotation to improve the quality of the products from pyrolysis. These pretreatment processes
act as first step purification stage and the removals of metals can be by magnetic, electrostatic
and eddy current [67]. The use of flotation method as part of the pretreatment process for the
removal of non-polyolefin polymers such polyvinylchloride and PET is not only dependent on
the hydrophobicity but also on the size, density, and shape of the particles [68]

At the time this thesis was written, there was no work in literature about the purification of the
PyCP, however, a similar work by Niu Xiaolu [69] on an mvention of pyrolytic carbon black
purification of waste tires through a series of acid and alkali washing steps followed by a

combined acid-alkali washing process reduced the ash and volatile components.

These PyCPs play an important role in the circular economy by turning plastic waste nto useful
resources, increasing sustainability and resource efficiency. They can be utilised to produce
graphene, nano-catalysts, adsorbent materials, nano-fillers for composite applications, sensors,
and supercapacitors [65]. The possible applications of PyCPs are numerous and ongoing, with
the goal of discovering sustainable and effective ways to recycle plastic waste and reduce

dependency on non-renewable resources.

3.3. Methane Pyrolysis and Hydrogen Economy

The global dependence on fossil fuels for all human activities remains unchanged [43], despite

the huge mvestment i clean energy. This, of course, has led to a high rise m CO2 emissions
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and global warming. The hydrogen economy entails the production, delivery, and use of
hydrogen as a renewable energy source to decarbonise many sectors, such as heavy
manufacturing, long-haul transportation, and electricity generation. In pursuit of this type of
economy, several methods of hydrogen production are available, such as Steam Methane
Reforming (SMR), electrolysis, biological methods, and other methods like solar water
splitting, methane pyrolysis, and biomass gasification [44]. However, the degree of emissions

varies with each process, a characterisation known as the colours of hydrogen [45].

A particular production process of interest is the thermal decomposition of methane gas
(TDM), also known as methane pyrolysis. The main advantage of TDM over others is that it

produces hydrogen gas and solid carbon. The global reaction equation is:

CH4 (g — Cg) + 2Hy(y AH,° = +75K J/mol equation (1)

This reaction can be with or without a catalyst, resulting in a lower or higher reaction
temperature, respectively. Due to these conditions (cost of catalyst and high reaction
temperature), the profitability of this process is lower when compared to other traditional
hydrogen production processes like SMR. Therefore, finding suitable applications for the solid
carbon can help boost the profitability of this process [46].

3.3.1 Pyrolytic Carbon types from Thermal Decomposition of Methane

Several carbon products, such as graphite-like carbon, carbon black, amorphous turbostratic
carbon, filamentous carbon, and nanotubes, have been reported [46]. These carbon products
are, however, dependent on the availability of catalysts (with or without), catalyst type, and

reaction temperature. This is shown in Figure 1 below.
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Figure 1. The TDM carbon type and dependence on temperature and catalyst types [46]

The varied applications of these carbon types can be summarised in Figure 2 below.

Temperature Carbon product Application
Composite material 7#
600 K * Microelectronics ™
MNanotubes Biotechnology applications ™
800 K »| 200-200,000 €kg »| Reinforcing material for cement 7
Water purification 78
1000 K N Gas storage 7
Graphite-like
1200 K carbon Purification of water and air, gas
* Amorphous ™ separation (after activation) 78
carbon
1400 K Te0neh
Pigment 2
1600 K Reinforcing filler in rubber
products
1800 K Carbon black Electronics 2
g| Trrolu=d * Catalyst support and catalyst
2000 K material 72

Figure 2. Dependency of carbon types on temperature and applications [47][48].

The TDM resulting in carbon black is always at a high temperature >1500, as shown in Figure
1. However, the thermal catalytic decomposition results in other variants of carbon. The major

drawback is that the catalyst is often deactivated due to carbon deposition on the active sites

and pores [50].

In recent times, the use of molten metal reactors has been used to address the issue of catalyst

deactivation, thus eliminating the frequent need for catalyst regeneration [51]. This has,
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however, led to the challenges of carbon contamination from the metallic elements in direct
contact with them [78]. Thus, the focus is on further processing of the carbon for contamination
removal. This is absolutely important because the profitability of methane pyrolysis is
dependent on the solid carbon advantages of its applications, as mentioned. Also, the potential
of'these carbons is very high and can range from 280€/ton to 310€/ton, depending on the carbon
product and purity [49].

Hartig G., Gehringer S., and Flachberger H. [52] carried out a one-stage test for the enrichment

of carbon preconcentrate from methane pyrolysis using a tribo-electrostatic belt separator.

3.3.2 Agglomeration
A possible application of CMP is in agriculture for soil enrichment (as a substitute for biochar)
[46][60]. Due to its fineness and bulk density, effective handling is of great importance and a

major way of doing this is by agglomeration.

Agglomeration is the process of mixing smaller particles to form larger ones. Carbon black
agglomeration can occur through several techniques, such as combining with liquids, exerting
pressure, or heating [53]. The general methods of agglomeration are tumble or growth (pellets),

pressure, and agglomeration by heat or sintering [54].

It is primarily aimed at reducing dustiness and other improved handling conditions such as low

bulk density, segregation, and difficult flow [55].

The basic mechanisms of growth agglomeration have been classified as nucleation,
coalescence, growth, and layering as shown in Figure 3. Forces contributing to the formation
of pellets can be classified as natural or applied (mechanical), where natural forces are mainly

due to Van der Wall’s or electrostatic forces or interlocking effects of the particles [56][57].

Huclaation

Coalescence Leyering

Figure 3. Basic mechanism oftumble growth agglomeration [54]
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Pressure agglomeration, unlike tumble/growth agglomeration, is utilised to achieve one or
more, and sometimes all, of the process conditions and product properties [54]. The structural
change in bulk mass due to the application of external force is varied, and the determmation of

stress is also a major consideration for pressure agglomeration.

Salas-Bringas et al did a comparison between the uniaxial and diametral compressive tests and

concluded that the average strength obtained in the diametral test is a better representation of

the material strength due to the lower variance [57].

When evaluating material strength, it is important to be able to measure it regardless of the
specimen's shape or size. However, this is often difficult to achieve. It is then more reliable to

quantify strength using the area of the applied stresses.

Investigation of carbon produced by pyrolysis: Characterisation and Processing 11




Chapter 3: Sample Description

A description of the samples and their sources are as follows:

3.1. Graphite

The processed graphite was provided by the Chair of Mineral Processing at Montanuniversitat
Leoben with 40 wt% water and a particle density of 2.32 g/cm’. Processed graphite was

prepared for different vol% of graphite, and flotation tests were carried out.

The samples for the Denver and pneumatic flotation were tagged as GFLOT 1, 2, and 3 (for 5,
2.5, and 7.5 vol% of graphite) and PG FLOT (2.5 vol% of graphite), respectively.

3.2. Pyrolytic Carbon from Polyolefin

Two separate bulk samples of PyCPs (I and II) were provided, feed for pyrolysis had at least
90 wt% polyolefines, which were completely pyrolyzed, were used as received. Both samples
were provided by NGE (https//nge.at/en/), and PyCP I and II were of different heating
temperatures in the pyrolysis process. The densities for both loose and compact are 898.7 g/L
and 976 g/L, respectively. Particle density using a Micromeritics AccuPyc-1340 gas
pycnometer was measured as 1.76 g/em’. A qualitative overview of both samples indicated that
PyCP I contains some residual oil from pyrolysis with a coarser particle size distribution, while

PyCP 1II has negligible oil and is much finer. Figure 4 shows the pyrolyzed and unpyrolysed
PyCP.

With a specific surface area of 31.06 m?/g, there is the likelihood of functionalization for other
purposes based on the surface area (porosity) [62]. Elemental sample description of the bulk is

shown in Table 2 below.

Table 2. Elemental composition from a handheld XRF using Geochem calibration.
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Figure 4. (a) 90wt% unpyrolyzed polyolefins (b) Pyrolyzed polyolefins

Generally, the starting material influences greatly the description of the PyCP [58]. However,
majority of other pyrolytic reactions are often left with carbon with considerable amounts of

impurities [59].

3.3. Carbon from Methane Plamalysis

CMP containing almost 100 wt% carbon and specific surface area of 22.76 m?/g were utilised
as received from an industrial plasmalyzer (plasma pyrolysis of methane) was mixed with
different binders of lignosulfonate, corn starch, clay, and water to test for compressive strength
upon granulation due to intensive mixing and the distribution of the materials for each of the

binders.
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Chapter 4: Experimental

This chapter will delve into the methodology, equipment, and reagents used for experimental

tests, the experimental execution of each test done, and the analysis of the results obtained. A

general characterization of all samples was done by sieve analysis and surface area, while

image analysis was for PyCP. Purification of PyCP and graphite was done using flotation and

settling velocity experiments, and handling was improved by agglomerating CMP. The Loss

on Ignition (LOI) was also carried out to determine the carbon content of samples after

purification.

4.1. Equipment and Reagents

4.1.1. Denver Cell

A Denver cell of volume 1280ml was used for flotation with an impeller speed of 1000rpm and

air flow rate kept constant at 4 L/min Figure 5. Reagent used are as shown in Table 3

Table 3. Reagent types used for flotation.

Reagents Description mass(g)/drop
Montanol 800 Frother &Collector 0.018
Methyl Isobutyl

Carbinol (MIBC) | Frother 0.016
Ekofol 452 Frother & collector 0.009

Diesel Collector 0.01281

Figure 5. (a) denvercell during flotation

(b) before flotation
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4.1.2. Pneumatic Cell

An allmineral pneumatic flotation cell allflot® AF02 with a separate condition unit, 50L

volume, air pressure of 3 bar, air flow between 20 and 40 L/hr and a pump speed of 7L/min

was used to collect each froth product Figure 6. Ekofol 452 was the only reagent used for this
cell

Figure 6. Allmineral pneumatic cell with separate conditioning unit.

4.1.3. Settling column
A settling column of height 1.05m and diameter 0.15m for varied flow rates based on the

desired settling velocity for particular size of interest. Settling time used for all test was 15min.

4.1.4. M agnetic Separator

A GMW model 347 dipole electromagnet with an external stirrer, ampere generator and a steel
ball matrix was used for wet magnetic separation. Magnetic separation is performed using a
wet high intensity magnetic separation mechanism. The magnetic property of products and
residue is compared based on that of magnetite by using a Satmagan Figure 7.
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Figure 7. (a) GMW model 3473 dipole electromagnets (b) Satmagan

4.1.5. Mixer Granulator
Granulation was performed using an Eirich mixer-granulator with varying rotational speeds

for granulation, as shown in Figure 8.

Figure 8. Eirich mixer-granulator
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4.1.6. Pressure Agglomerator
Cylindrical pellets by cold pressing using a Messphysik MIDI 10 material testing press Figure
9. The surface diameter disks are 15cm. A set point for speed of compaction is set and all

readings are from a computer connected to the press.

MDA 4

Figure 9. Messphysik MIDI 10 material testing analytical press

4.2. Methodology

The general methodology used for the experiments are:

4.2.1. LOI of Fixed Carbon

LOI is a widely used method to measure the amount of organic matter and carbonate mineral
content (and indirectly for organic and inorganic carbon) [61]. Two split samples of mass 0.4—
0.6g was weighed i clean crucibles and placed nside a Nabartherm muffle furnace, Figure 10,
where a 1000 °C temperature was attained and held for 1 hour before cooling down. The weight

of each sample after heating was recorded to determine the mass of carbon bunt off as volatiles.

Figure 10. Nabartherm muffle furnace for burning off combustible
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4.2.2. Image Analysis of PyCP

Polished sections for microscopic image analysis of two class size of the bulk sample 1(100-
500um and <100um) were done using a Buehler Metaserv 250 grinder polisher Figure 11. The
polished sections were then viewed i three dimensional and point- surface perspective using

a Leica M165 C stereo 3D and Leica MC170 HD respectively. Figure 12 shows the

microscopes used.

Figure 11. Buehler Metaserv 250 grinder polisher
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4.2.3. Particle Size Distribution - PSD
Sample splitting of bulk materials was by a sample splitter and sieve analysis is done by hand

for larger size classes while fines < 100um were done using a Malvern Mastersizer 3000 shown

m Figure 13.

Figure 13. Malvern Mastersizer 3000 for particle size classification

Samples of interest were placed in a chamber, where they were fed nto the equipment by
vacuum suction. Three runs are done, and the individual and average size distributions are
generated. This process is repeated until multiple measurements in a row show compatible

results.

4.2.4. Surface Area

The surface area was determined using a Micrometric Flowsorb 2300 Brunauer-Emme tt—
Teller (BET) analyser with nitrogen as the analysing gas Figure 14. The operating pressure and
temperature of the equipment is 957mbar and 22 °C with temperature regulation using liquid

nitrogen. Three trials were conducted, and an average taken.
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Figure 14. Micrometric flowsorb BET analyser.

4.3. Graphite Recovery
4.3.1. Goal

The recovery of processed graphite from contaminants by evaluating the effect of process

parameters such as volume concentration, reagent types used and dosage for flotation test.
4.3.2. Execution

An mitial test for the best volume percent and reagent was done using the Denver cell. A further

flotation test was done for the best volume percent and reagent using a pneumatic cell.

4.3.2.1. Graphite Flotation test — Denver Cell
An mitial trial for different reagent in Table 3 above and a 5v% (GFLOT1) was carried out to

determmne the best reagent to be used. Ekofol 452 was selected as the best reagent.

Optimal volume percent test with varying ekofol regime was conducted for 2.5, 5 and 7.5 v%
(GFLOT]1 to 3) of graphite by weighing 123.7g, 247.5g and 346.5g (74.24, 148.48, and 222.72¢g
on dry basis), respectively, of the graphite sample and volume of the cell attained by filling it

with water for each corresponding volume percent.

The mixture is stired and conditioned with the reagent of interest. Table 4 below gives the

description of the reagent dosage for each sample.
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Table 4. Denver flotation using ekofol 452 for varying volume concentrations.

V% Reagent Total
Sample graphite dosage(drops) reagent(g)/tonfeed
GFLOT1 5 6-4-4 894.63
GFLOT2 |25 3-5-7 1880.75 Ekofol

5drops +

GFLOT3 | 7.5 5-4-7 723.04 Montanol
GFLOT3 4drops
Error. 7.5 587.05

The conditioning time for all samples was fixed at 2 minutes; the nterval between each froth

product was 28, 19, and 11 minutes; and a total time of 60 minutes was used for each flotation.

Each flotation product was dried for 24 hours at 105°C and weighed. This is to ensure that there
is no water left, as the moisture effect can influence the prediction of carbon content from loss
on ignition analysis.

4.3.2.2. Graphite Flotation test — Pneumatic Cell

A 2.5 v% was only considered for the pneumatic flotation test because it gave the best result
from the Denver cell This volume percent of graphite was by the addition of 46.82 litres to
4.833kg of graphite (dry mass =2900g). The reagent regime is based on the same ratio as that

of GFLOT2 (2.5 v%) in the Denver cell. Initial 117 drops (1.053g) of ekofol were added, and
conditioning was simultaneously done in the tank, which is separated from the cell.

The second dosage was an addition of 195 drops (1.755 g), and five products with a 7-minute
mterval were collected. Collection was enhanced by the lifting of the plunger to depress the
cone, which reduces froth height at regular intervals i the later froth products.

This was also repeated for the third-stage flotation with six froth products and the addition of
273 drops (2.457g).

A separate flotation of the mitial residue was further done to see the percentage recovery, if

any. This was carried out by repeating the same amount of reagent used for the last froth
product (273 drops, 2.457 g).
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The total time used for the entire test was 105 minutes. Drying was done for 24hrs at 105 °C
and LOI carried out for dried products.

4.3.3. Results and Discussion - Graphite Flotation
4.3.3.1. Denver Cell
Description of reagent used and dosage are shown in Table 5 for the selection of the best

reagent.

Table 5. Reagents descriptions used for initial Denver cell flotation of graphite.

Total
Sample Description reagent(g)/tonfeed
GFLOTI1A 14 drops ekofol once 878.78
GFLOTIB 10 +4 drops ekofol 866.75
GFLOTM Montanol 3/2/2 876.77
GFLOTDM | MIBC4/4/2 + Dieseld/3/3 1958.00
MIBC 1087.4
DIESEL 870.6
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Figure 15. Grade-recovery for different reagents and regime of GFLOT1.

From Figure 15 above, the best grade recovery was between GFLOT 1A and GFLOT 1B, with
GFLOT 1B giving a better recovery than GFLOT 1A. The tables of flotation product grade and

recovery for the different reagents are shown n Appendix 1. The selected reagent and slightly
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modified regime used for GFLOT 1B were used for the Denver cell flotation with different

volume percents as shown in Figure 16 with GFLOT 2 (2.5 vol%) having better grade when
compared to other volume percents used.

Tables of the grade and recovery for the different volume percent using ekofol 452 reagent

samples of the Denver flotation are shown in Appendix 2.
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Figure 16. Different volume percent of graphite using Ekofol 452 as reagent.

4.3.3.2. Pneumatic Cell
Based on GLOT 2 (2.5 vol%) and ekofol 452 as volume percent and reagent of choice

respectively from the Denver cell, further testing using a pneumatic cell was done. The goal is
optimising the result with special focus on selectivity in small particle sizes. Reagent in g/ton
for each step were kept constant. The grade-recovery results of PG FLOT are shown in Table
6 and Table 7. Inttial flotation with a maximum of 71.12% (PG FLOT n) recovery was done.
Recovery was later increased to 80.82% (PG FLOT r) with the addition of more ekofol An

mitial poor recovery was compensated for by an incremental dosage of ekofol 452.

A comparison between these flotations and the Denver cell is shown in Figure 17
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Table 6. Grade recovery without further recovery of residue.

mLoss(FC) Cumm. Cumm.
Pneum. cell Mass Mass | 1000°C 1h | Recovery | Grade Rec.
[g] [%] [%] [%0] [%] [%]
PG.FLOT n P1 38.92 1.46 97.11 1.57 97.11 1.57
PGFLOTnP2 | 752.63| 28.14 97.84 30.65 97.81 32.22
PGFLOTnP3 | 958.56| 35.85 97.50 38.90 97.64 71.12
Residue 924.02 | 34.55 75.08 28.88 89.84 100.00
> 2674.13 | 100.00 89.84 100.00
Table 7. Grade recovery with further recovery of residue.
mLoss(FC) Cumm. Cumm.
Pneum. cell Mass Mass | 1000°C 1h | Revovery | Grade Rec.
B [%] [%] [%0] [%] [%]
PG.FLOT r P1 38.92 1.46 97.11 1.57 97.11 1.57
PGFLOTr P2 | 752.63| 28.14 97.84 30.65 97.81 32.22
PGFLOTrP3 | 958.56| 35.85 97.50 38.90 97.64 71.12
PGFLOT rR1 | 240.11 8.98 96.99 9.69 97.56 80.82
Residue R2 683.91 | 25.58 67.39 19.18 89.84 100.00
> 2674.13 | 100.00 89.84 100.00
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Figure 17. Comparison between GFLOT 2 and PG FLOT
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4.3.3.3. PSD comparisons of graphite products and residues

The residues from the Denver and pneumatic cells (GFLOT 2 RES. and PGFLOT BOT,,
respectively) of the graphite flotation were finer than their respective products, with PGFLOT
BOT. being finer than GFLOT 2 residues Figure 18 and Figure 19. This relatively shows an

mndication of entrainment of finer particles despite improved recovery from the pneumatic cell.

100
90 —e— GFLOT2-
Pl

80

70
o
S 60 —8&— GFLOT2
-
o -P2
n 50
S

40
*® 45 —&— GFLOT2

-P3
20
10
8 GFLOT2
0 -RES
1 10 100
size um

Figure 18. PSD GFLOT 2 of Denver cell flotation products and residues
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Figure 19. PSD of different pneumatic flotation products and residues
4.4. PyCP Purification

4.4.1. Goal
To find out the feasibility of flotation and settling velocity for the purification of PyCP, and

also the extent of recovery of any paramagnetic material in the bulk.
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4.4.2. Execution
An mitial flotation test followed by settling velocity test was carried out for PyCP I reverse

flotation and magnetic separation was used for PyCP II.
4.4.2.1. Mini-Denver flotation — PyCP 1
A mini Denver cell with cell volume of 137.7 cm® and ekofol 452 reagent was used for an

mitial test for 2.5 volume percent of PyCP 1. Hydrophobicity was reduced by the addition of
alcohol (3.2, 4, 20, and 50% - Mflot 2-5).

For all descriptions, a single drop (0.009g) of ekofol 452 was mitially used for conditioning for

two minutes, which was followed by three drops after agitation for four minutes.

The product, due to its selectivity for the 50v% of ethanol, was dried, weighed, and an LOI test

was conducted to check for carbon content.

4.4.2.2. Settling Velocity — PyCP1
The settling rate for the mixture of fine particles was done using 50 g of sample for sizes class

0.2/0.1 and <0.1 mm. Each weighed sample was dissolved in a 45g solvent of ethanol to
improve dispersion and reduce hydrophobicity, thereby improving the singularity of grains in
the fluid. The settlng rate is the difference between single particle movement and that of the
bulk.

The polyolefin sample consists of different elements and mineral phases. These different
components have different densities and base on the Stokes equation (equation2), it shows that

the settling rate is also based on the particle size and density.

Ve d?g(ps — pf) equation (2)
B 18

Where V is the settling velocity (m/s), d is the diameter of the particle (m), gis the acceleration
due to gravity (mv/s?), p is viscosity (Pas), p is the density (kg/m3) of solids and water.

Samples with defined upper and lower particle sizes were placed in a water column with a flow

rate at a defined speed to allow low density particles to rise and high density particles to settle

down.

The dispersed weighed sample of 50g in ethanol was discharged mto the settling column at the
given flowrate of 200L/hr and 80Vhr for size class 0.2/0.lmm and <0.1lmm respectively. A

total settling time of 15 min was used for both tests. The bottom and top contents of the column
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were collected and filtered using a vacuum filtration set or a fiter press depending on the

volume.

The carbon content was also verified using the LOI test for carbon loss.

4.4.2.3. Flotation — PyCPII

An initial miniflotation check was conducted to determine if there is selectivity without the
need for the addition ofalcohol to improve solubility using 18g of sample. Two drops of ekofol
were only used (one drop for each froth product), and a reasonable amount was floated after
thorough mixing in the cell Increased amount of materials were later used in the Denver cell
by weighing 110g of the sample for the preparation of 5 v% concentration. Conditioning
without any reagents was for 5 minutes. The froth product without any reagent was collected 5
minutes later. Two drops of ekofol were added, and the second froth product was collected in
the 25 minute. This was followed by an additional three drops and a third product collected
in the 35" minute. All products and residue were oven dried at 105°C for 24 hours and LOI

done.

4.4.2.4. Reverse Flotation — PyCP 11

To reduce the ash content due to pyrolysis, a single stage reverse flotation of the sample was
also done. Aero 3477 amine collector was used to promote the flotation ofany silicates and ash
using an amount equivalent to 1% weight of the PyCP; equivalent to 72 drops. Corn starch
powder was used as a depressant for the carbon using the same 1% weight of PyCP equivalent
to 1.1g while four drops of MIBC were used as a froth stabiliser. These reagents are based on
similar ones used for the reverse flotation of lignite coal [72][73].

4.4.2.5. Wet Magnetic Separation — PyCPI1
220g of dispersed sample in water was discharged into the flushed and cleaned system. This

was after filling the matrix cylinder with water and ensuring there were no air bubbles in order
not to obstruct the output signal [70]. A maximum current of 60A was used to obtain the
strongest magnetic field.

The discharged materials were collected as non-magnetic products, while those left in the
chamber (steel ball matrix in the cylinder) within the electric field are collected as magnetic
materials. Products were analysed using a Satmagan and LOI. The wet magnetic process is also
more effective than the dry process for materials with weaker magnetic properties and finer
particle sizes [71]. The magnetic property is compared based on that of magnetite by using a
Satmagan Figure 7(b) This comparison is based on the paramagnetic properties due to the
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existence of unpaired electrons, which are responsible for the material's magnetic behaviour.

Unpaired electrons in pyrolytic carbon come from imperfections and impurities in the material,

such as dangling bonds and vacancies [77].

4.4.3. Results and Discussion — PyCP Purification
4.4.3.1. PSD of bulk PyCP

The PSD distribution for PyCP I is as shown in Figure 20, with fity percent of the materials
<2mm. This distribution is as received before the milling process. The milling process was

necessary due to agglomerations.

For PyCP II Figure 21, 93% of the bulkk sample is less than 100um. This difference in
distribution confirms the effect of pyrolysis oil, as seen with PyCP 1.
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Figure 21. PSD ofbulk PyCP II
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4.4.3.2. PSD of PyCP <100pm

For all samples, the size class is considered to be <100um; however, the PyCP sample I (18.4—
174um) shows a great difference i distribution when compared to sample II (1.1-12um)
Figure 22. The higher size classes, as observed from sample I can be due to non-thorough
sieving or agglomeration due to the presence of residual oil and different definition of particle

size based on techniques used.
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Figure 22. PSD of PyCP <100um
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4.4.3.3. LOI ofbulk of PyCPI and I1
The carbon content of the bulk feed for PyCP I based on the different size classifications is as

given in Table 8.

Table 8. Carbon Content of Bulk PyCP I

size (mm) %carbon
>10 48.23
10/6.3 57.66
6.3/5.0 50.51
5/3.15 52.24
3.15/2.0 51.80
2/1.0 51.14
1/0.5 50.33
0.5/0.315 50.47
0.315/0.2 49.23
0.2/0.1 48.61
<0.1 48.40

The carbon contents for the different size classes of PYCP II are as shown n Table 9

Table 9. Carbon content of PyCP II

%carbon
size (um) (LOD
>315 59.71
315/200 62.42
200/100 62.46
<100 60.11

From Table 9 above, we have on average, a higher carbon content for each size class when

compared to that of PyCP L.

4.4.3.4. Image Analysis
Microscopic image analysis from Figure 23 and Figure 24 for pyrolytic polyolefins of bulk

<500um showed that there is a mix of other materials in the sample.
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(b) <100um xl1

(2)100/500um x1

(d)< 100um x4

(f) <100pm x10

Figure 23. Stereo images of pyrolytic polyolefins with different magnifications

(a) <100um x4
Figure 24. Point focused image analysis of Leica MC170 HD

4.43.5. Mini Flotation of PyCP 1

(b) 100/500pm x4

The flotation for selectivity of carbon in a mini-Denver cell was done; low alcohol tests didn’t

achieve any results as the whole sample was reported to the froth product. The results of the

only test with separate froth product and residue for the 50% alcohol dissolution are shown in

Table 10.

Table 10. Cumulative grade (carbon content)after flotation of <100um — MLOT 5

M oss
Mini Cell Mass | Mass | 1000°C | Recovery | Cumm. Grade | Cumm. Rec.
1h
[g] | [%] [l [l [l [“el

M.FLOT 5 FP1 0.9 | 17.6 49.1 17.8 49.14 17.8
M.FLOT 5 FP2 1.6 | 30.8 49.3 31.2 49.22 49.0
Residue FP3 2.8 | 51.6 48.1 51.0 48.65 100.0
> 5.3 1100.0 48.6 100.0
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Despite the addition of 50% alcohol, there was still a problem of selectivity as there was hardly

any flotation, and the carbon grade remained almost the same 49.22 and 48.65% for the product

and feed, respectively.

4.4.3.6. Mini Flotation of PyCP 11

Also, based on Table 11, there isn’t any improvement in the grade of the products either

(59.39%), but improvement was seen in the residue (63.45%), a possible indication that other

non-combustible materials readily float in comparison to the carbon. A further test was done

in the Denver cell to verify this.

Table 11. Flotation products of mini-Denver cell for PyCP II

Mini Cell Mass Mass 1 0(1)1(1)%%8 1n | Recovery (él;l;;el' CEI::]'
[g] [%o] [%o] [%o] [%o] [%o]
M.FLOT SII P1 4.75 54.10 58.97 52.96 58.97 52.96
M.FLOT SII P2 2.20 25.06 60.29 25.08 59.39 78.04
Residue 1.83 20.84 63.45 21.96 60.23 100.00
> 8.78 100.00 60.23 100.0

4.4.3.7. Denver Flotation of PyCPII

The Denver flotation results are shown in Table 12, verifies that of the mini cell, the carbon

content of the residue (62.8%) is also higher than that of the cumulative products (58.87%).

Table 12. Flotation products of Denver cell for PyCP II

m

Denver cell Mass | Mass 15(())8(;?8 Recovery Cumm. Cumm.

1h Grade Rec.
gl [Yo] [Yo] [%o] [Yo] [Yo]

P.FLOT FPI 4.63 4.35 59.39 4.30 59.39 4.30
P.FLOT FP2 26.23 | 24.66 58.89 24.16 58.97 28.47
P.FLOT FP3 42.18 | 39.65 58.79 38.79 58.87 67.26
Residue 33.33 | 31.33 62.80 32.74 60.10 100.00
> 106.37 | 100.00 | 60.10
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4.4.3.8. ReverseFlotation of PyCP 11

The reverse flotation (Table 13) shows that the carbon grade can be improved by depressing
the carbon while floating ash. A higher grade of 66.66% even with a higher recovery of 81.47%
of the froth products. This situation is similar to that of coal, as explained by Ozturk [74], in
that the ash content is based on the gray value and can be reversely floated. This relationship
between the ash content and the gray value due to its dark coloration (an indication of carbon
content) is a direct one [75]. Also, the use of a suitable frother prevents bubble coalescence and
improves froth stability [76] based on observation when MIBC is used in the fourth product of

the reverse flotation.

Table 13. Reverse flotation products of Denver cell for PyCP II

My oss(FC
Denvercell | Mass | Mass IOOOgC) Recovery CGli‘l::: Clgl:cm
1h )
gl [Yo] [Yol [Yo] [Yo] [%o]
R.FLOT PI 13.14 | 12.52 58.47 12.18 58.47 12.18
R.FLOT P2 16.71 15.92 58.57 15.51 58.53 27.69
R.FLOT P3 13.47 | 12.83 58.40 12.47 58.49 40.16
RFLOT P4 | 44.11 | 42.02 59.10 41.31 58.80 81.47
Residue 17.54 | 16.71 66.66 18.53 60.11 100.00
> 104.97 | 100.00 | 60.11

The table of analysis for the LOI values of all samples for magnetic separation, mmi-Denver,
and Denver cell flotation for PyCP II are shown in Appendix 3

4.4.3.9. Magnetic Separation of PyCPI1
Based on this analysis in Table 14 the sample can be considered to be paramagnetic due to the

low mass percent of the magnetic component, with a total recovery of just 18.53%. Also, a
doubling of the satmagan value of the feed would have suggested enrichment of non-
combustibles in the magnetic product, but there wasn’t any change in grade for both feed and

magnetic or non-magnetic components based on LOIL
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Table 14 Magnetic separation balance

mass(g) | Mass % | % magnetite | mLoss(FC)% | Recovery%
Mag 19.22 9.12 0.68 59.57 18.53
N Mag 191.49 90.88 0.30 59.65 81.47
Feed 210.71 100.00 0.33 59.64 100.00
4.4.3.10. Settling Velocity of PyCP1

Table 15 shows the percent carbon from settlng velocity. Flocculation rather than selectivity
was achieved. A look into the elemental composition from a handheld XRF Table 2 also
indicates that there is a considerable amount of Si, Ca, Ti, Fe, and Mg present in the sample

which still seems to be evenly distributed between the products.

Table 15. Settling velocity % carbon and mass

Mass recovered %
Size(mm) (g) mass carbon
0.2/0.1 Top 11.58 53.08
Bottom 26.79 38.37 52.92
<0.1 Top 4.61 52.31
Bottom 36.54 41.15 52.98

4.5. Agglomeration of CMP

4.5.1. Goal

Determining the best mix of binder and moisture content for tumble and pressure

agglomeration of CMP.

4.5.2. Execution
The agglomeration process of the CMP was by tumble growth using a mixer granulator and

pressure agglomeration using a cold press mechanism.

4.5.2.1. Mixing and Granulation

The total mass of carbon plus binder is mamntained at 300 g, while water content of 40% was

set for all samples. The following steps were done for each experiment:

e Mixing for 1 minute at medium speed with the addition of water
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e Granulation for 4 minutes at high speed
e Granulate further for 2 minutes at low speed

All the granules were then dried in the oven at 105°C for 24 hours.

Detailed sample descriptions are given in Table 16, all clay binders except for sample I (dry

mix) are mixed with water before application to the CMP.

Table 16. Sample descriptions of the different binders mix

sample | mixture by weight percent Carbon + binder 300g
water = wt% of
A CB (100%) + water (40%) carbon + binder
B CB (97%) + lignosulfonate (3%) + water (40%)
C CB (99%) + lignosulfonate (1%) + water (40%)
CB (97.67%) + corn starch (2%) + NaOH
D (0.33%) + water (40%)

CB (98.99%) + corn starch (1%) + NaOH
(0.00165%) + water (40%)

CB (90%) + Clay (10%) + water (40%)

CB (80%) + Clay (20%) + water (40%)

CB (70%) + Clay (30%) + water (40%)

CB (70%) + Clay (30%) + water (40%)

—|z|o|=|

4.5.2.2. Sieving

The following size class of 10, 6.3, 5 4,3.15,2 and 1mm and their respective sieves were used

for particle size distribution. Figure 25 shows some granules obtained.

o e s ST

Figure 25. Granules from tumble growth agglomeration
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4.5.2.3. Compressive Strength test

Granules of sizes between 5 and 3.15 mm in diameter were selected for this test. Breakage
force and compressive strength test was done for five trials using the Messphysik MIDI 10

press.

4.5.2.4. Pressure Agglomeration

Mixing of the CMP and 3 wt% lignosulfonate binder was done based on first dry mixing at
medium speed and 1 minute at high speed for wet mixing in the Eirich mixer-granulator. This
was done for weight percents of 5, 10, 15, 20, 25, 30, 35, and 40 of water, and a total of 108g

was removed for three trials of pressure agglomeration for each.

Pressure agglomeration by compaction at a maximum force of 3500 N was carried out on each

mix. The bed depth of 7.5cm and diameter 2cm of the die was maintained throughout each test

while the compacting speed was at 10 mm/min. The density of each pellet was calculated by:

m equation. (3)

Where p is the density (g/cm3), m is the mass of the pellet (g), r is the radius (cm) and [ is the
length (cm).

The weight and height of each press were measured and placed i a dryer at 105°C for 24
hours. A diametral compression test was done using a piston for compression on a rigid
cylinder with a flat surface of diameter 15cm and at a speed of lmm/min. The applied force
and displacement are gotten from the readings of a computer connected to the press. Following
the procedure of diametral compression, the compressive strength which is applied
perpendicular to the cylindrical axis as described is given by equation (4) below.

S — 10BF equation. (4)
Tir]

Where C.S is the compressive strength (KPa), BF is the breakage force (N), r and 1 are the
radius (cm) and length (cm) of the cylindrical pellet respectively.

Samples of pellets produced as seen in Figure 26 was mamtained for the die depth for all

variations of binders used and water content.
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Figure 26. Sample of pellet produced from pressure agglomeration.

A second set of pressure agglomerations were further experimented on using Diatomaceous
Earth (DE), a commonly used filration aid in breweries, as a binder. The DE used was
completely dispersed in water and stirred to ensure complete suspension. The pulp density was
calculated by weighing 1000ml of the suspension. This gives a density of 1.048g/cm3. The
mass percent of the DE from the pulp (7.88%) was used to calculate the mass of pulp expected
to contain the needed dry mass of DE; this is considered the weighed pulp. The required mix
(dry mass plus 23 wt% moisture) was selected for the weight percent of DE (8.7, 15, 20, and
8.7% DE with 10% clay). The excess water between the weighed pulp and calculated pulp was

then decanted out.

The final pulp was added to the dry mass and mixed in the Eirich Mixer granulator using the

same set point as that of lignosulfonate.

A table of descriptions is given in Table 17. It is observed that for 15 and 20 wt% of DE, the
moisture content attained was 25%. This is because the higher the DE, the more water is

absorbed, thereby reducing the amount of water to be decanted.

Table 17. Calculated weight of DE pulp required.

Total dry mass (mtot) 300]clay dry(10% of mtot) 30
wt % water 23%|wt% of DE pulp 7.88%
wt% of DE mass DE mass of required mix |weighed pulp{g)|water to be actual water excess actual
(g) water(g) (g) (calculated) removed (g) removed (g) water (g) |wt% water|
8.7% 26.1 89.61 115.71 331.22 215.51 215.51 0.00 23%
15% 45 89.61 134.61 571.07 436.46 393.38 43.07 25%
20% 60 82961 149.61 761.42 611.81 545.49 66.32 25%
8.7% +10%CLAY 56.1 89.61 145.71 331.22 185.51 185.51 0.00 23%
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4.5.3. Results and Discussion for CMP Agglomeration

4.5.3.1. PSD of CMPrelative to bulk feed
The relative fines of all bulk feed are less than 100um. PyCP II and CMP showed similar

distributions and extents of fines, with over 90% less than 11 pm. PyCP II and CMP still have
finer size class materials when compared to the residues of the pneumatic flotation cell. These

are shown in Figure 27.

% passing
"
[ =]

size pm

Figure 27. PSD of CMP, PyCP 1II and graphite feed and residue.

4.5.3.2. PSD of granules

Sieve analysis of granules of samples are shown in Table 18. There is no distribution for

samples H and I because lumps instead of granules were formed, an indication of excessive

clay content above 20 wt%. The PSD of the various granules is given n Figure 28.
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Table 18. Amount attained for each sample (g)

size(mm) A B C D E F G

10 1.87| 75.26
6.3 4.88 | 100.89

5 2.00| 22.04 830 41.58

4 2.47 6.12 3.21 3.47 33.71 76.67

3.15 2.97 14.79 8.02| 2190 20.17| 41.42| 34.73

2 25.02| 38.46| 9691 96.00 | 53.61 85.55| 38.18

1 85.02| 27.46| 101.20| 56.27| 65.11 55.01 23.53

0 70.63 11.59 10.49 11.11| 41.50| 46.70| 42.37

Total 194.86 | 296.61 | 219.83 | 188.75| 180.39 | 270.69 | 257.06

% loss(stickiness) 35.05 1.13| 26.72| 37.08 39.87 9.77 14.31

% loss(attrition) 23.54 3.86 3.50 3.70 | 13.83 15.57 14.12

Stickiness was highest for sample E during granulation and resulted n a 39.87% loss during

granulation. This can be attributed to the poor mechanical behaviour and high water vapour

permeability, which are the main drawbacks of starch-based materials [63]. Furthermore, when

compared with sample D, the NaOH content is negligible; therefore, it can be assumed that

only corn starch was used. Attrition loss occurred most with sample A due to the absence of

any binder.

100
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Figure 28. PSD of granulated CMP
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From Figure 28, only samples A and B have size classes across all ranges of sieves used as an

indication of properly distributed agglomerates, with sample A having finer materials than

sample B with P50 <2mm and P50 <7 mm, respectively.

4.5.3.3. Compressive Strength Test of Granules

The BF of each size classes in consideration are shown in Figure 29
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Figure 29. Breakage force of granule samples
The BF required for sample B for all size classes measured is higher than that of others. This

is also true for the compressive strength on each granule for the different samples and sizes in

Figure 30.
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Figure 30. Compressive strength by size class for each granule sample
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Table 19. % changein BF and CS with A as reference for granules

size(mm) | A | B C D E F G
51 0] 3343.81 151.80 | 161.34

410 99492 | 552.81| 187.66 42.65 38.48

3.15| 0| 110056 | 429.55| 149.42| 6.30 37.33 51.92

Generally, as shown in Table 19, the change n BF and CS reduces with the size except for
3.15mm of sample B due to the close proximity of the required BF with the 4mm and reduced

arca.

4.5.34. Pressure Agglomerates from using sample B and varying wt% water.

Pressure agglomeration by cold pressing was only carried out for sample B since it gives the

best strength for the granules. Also, it gave the best CS results for granules in the tumble

growth agglomeration process.

The results are shown in Table 20 and Figure 31. The full details of the individual test are
shown in Appendix 4.

Table 20. CS testof pellet for different moisture content for 3 wt% lignosulfonate binder

wt% Length of

of BF CS mass of | % mass | press —L

water | (N) (Kpa) | water(g) | of water | (cm) density(g/cm3) | L/D

5% 8.83 | 18.33 0.04 0.98 1.53 0.842 0.77

10% | 19.69 | 40.00 0.02 0.53 1.57 0.931 0.78
15% | 47.75| 64.22 1.17 18.66 2.37 0.843 1.18
20% | 65.52| 80.21 1.90 26.43 2.60 0.878 1.30
25% | 64.95| 82.70 2.13 32.62 2.50 0.833 1.25
30% | 56.15| 60.93 3.23 40.98 2.93 0.856 1.47
35% | 65.00 | 55.92 4.80 50.19 3.70 0.823 1.85
40% | 27.86| 25.34 4.28 48.13 3.50 0.806 1.75

The BF and CS increased with moisture content until moisture content reached 25% before
they started reducing. A sharp increase in the BF for moisture content of 35% was observed,
however, this is considered a measurement error due to the high variance between the

individually measured values from Appendix 5.

It is also observed that the length of the cylindrically pressed agglomerate increases as the
moisture content increases upon extrusion. It is expected that the BF increases as the L/D

(length /diameter) ratio increases [57]. However, this cannot be the case because, with
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increasing moisture content, the strength of the pellet also reduces. However, there is a
generally slight decrease in densities as the L/D ratio increases, although this is not uniform
due to slight differences in compaction. Figure 32 shows the density and length of pellet

relationships with density remaining almost constant regardless of variation in length of pellet.
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Figure 31. Average CS and BF for varying moisture of sample B
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Figure 32. Density and length of pellet relationships
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4.5.3.5. Pressure Agglomerates from using Sample B and 23 wt% water of DE

The repeated process using DE as a binder gives the following results in Table 21.

Table 21. Pressure agglomeration for BF and CS using a cylindrical die for varying wt% DE.

CS mass of
wt% of DE BF (N) (Kpa) | water(g) % mass length of
of water press (cm)
8.7% 1.51 27.80 2.00
15% 21.01| 23.89 2.63 36.89 2.80
20% 29.77| 31.59 3.43 4331 3.00
8.7% (DE) +10%
CLAY 0.50 0.61 1.53 24.34 2.60

The table of individual measurements is shown in Appendix 6. There isn’t any value for BF or

CS because, at 8.7% DE, the strength is very small and cannot be read. A similar observation

was noticed with the 8.7% DE + 10% CLAY mix, BF is very small, resulting in low stress.

Also, the length of the press increases as the moisture content increases due to the increased

amount of DE. This can also be explained for the 8.7% DE + 10% CLAY mix, as the addition

of clay results in a slightly higher amount of water.

It was also observed that the smoothness of the press was less than that of sample B. This

roughness is attributed to the presence of silica in the DE and clay, which is also the cause of

the reduced strength of the press. Figure 33 shows the average CF and stress for various wt%

of DE.
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Chapter 5: Conclusion and Recommendations

5.1. Conclusion

The characterization results based on PSD for the PyCP show that the influence of pyrolytic
oil greatly reduces the fineness due to re-agglomeration. Furthermore, pyrolytic carbon from
methane- CMP, is considered the finest of all forms of pyrolytic carbons observed and also
finer than residues from flotation of processed graphite. This can be attributed to the fact that
CMP is a pure carbon product from a decomposition reaction of methane without any other
foreign materials or oil, as observed for the processed graphite and PyCP. The higher surface
area of the PyCP can be attributed to the porosity of the PyCP being higher than that of the
CMP. Microscopic image analysis indicated that there are impurities in the PyCP, hence the
need for purification.

The purification methods used were focused mainly on the PyCPs since they contain impurities
and are produced under varied pyrolytic conditions. The preflotation test for PyCP I and II
showed that there wasn’t any selectivity for PyCP I probably due to the pyrolytic oil acting as
a collector. Onthe other hand, the selectivity observed for PyCP II was in the reverse manner
than expected. Therefore, a reverse flotation mechanism was observed to give some
mprovement in the grade. Furthermore, the modelling of this flotation using graphite isn’t

feasible since it works best in reverse flotation.

Other physical purification processes, such as magnetic separation for PyCP II and settling
velocity for PyCP I, indicated no significant change i the carbon grade but there was the

presence of paramagnetic materials from the wet magnetic separation process.

Agglomeration was done using CMP. For the agglomeration process, a 3 wt% lignosulfonate
with 40% water - sample B performs best amongst all types of binders used with respect to BF
and CS. The preferred size class for the handling of granules of this type was in the range of

5-3.15 mm for better handling due to the effect of tensile stress in the lower size class, which

results in attrition losses.

The desired size of interest for handling purposes will largely depend on its strength and the

size suitable for its applications.
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The pressured agglomerate of the 3wt% lignosulfonate binder is best pelletized with a moisture
content of 23%. A further increase in the moisture content resulted in an increased length of
the press upon extrusion, and an increased L/D ratio, which slightly reduced the density of the
pellets.

The compressive strength of the pressed agglomerate using DE is always less than that of 3
wt% of lignosulfonates, even at the same moisture content of 23%. Also, the retention of more
moisture due to the absorption of water when the amount of binder increases makes fixing a
particular moisture content difficult for varied DE content. Pellet sizes are often longer and

rougher when compared with those of lignosulfonate binder.

5.2. Recommendations

More advanced characterization analysis, such as scanning electron microscopy and

thermogravimetric analysis of the feed and products after purification, will give a more detailed

characterization of the PyCP.

Furthermore, the focus should be on the pyrolytic conditions during the pyrolysis process for
better PyCP with no oil. Also, the modelling of the flotation of PyCP should be done with coal

for reverse flotation rather than graphite.

Other forms of pressing and extrusion techniques can still be explored for a better pelletization
process. Further research work on using DE and lignosulfonate as binders is highly
recommended for agriculture since they improve soil enrichment and the strength of the pellet,

respectively.
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Chapter 6: Summary

The objective of this thesis is to investigate various carbons from pyrolysis by characterization,
purification, and to improve handling through agglomeration. The pyrolytic carbons
investigated are carbons from polyolefins (PyCP) and carbon from methane pyrolysis (CMP).
In addition to these, flotation of a naturally occurring carbon, graphite, as a possible model for
the flotation of PyCP was investigated. The graphite flotation was done in a Denver as well as

an allminerals pneumatic cell for grade improvement and an enhanced recovery process.

The PyCP consisted of two bulk samples (I and II) with varying degrees of pyrolysis, with
PyCP II more pyrolyzed than PyCP I and with insignificant amounts of pyrolytic oil when
compared with PyCP 1. Image analysis and PSD of bulk samples were done for
characterization, while purification tests of flotation, settlng wvelocity, and wet magnetic
separation were done to check for the most feasible process for improving the carbon content
of the sample. Reverse flotation of PyCP II was considered the best option for purification due
to its improved carbon grade in comparison with other purification processes used. Purification
by floatation or settling velocity for PyCP I was difficult due to the presence of pyrolytic oil,

which leads to flocculation and lifts all components regardless of individual surface properties.

The agglomeration tests on CMP using tumble growth agglomeration and pressure
agglomeration by the cold press mechanism. Various binders were tried for tumble
growth agglomeration to determine the most suitable binder at a fixed moisture content of 40%.
The best binder observed was lignosulfonate at 3 wt% which was wused for pressure

agglomeration at varying moisture content.

The major challenges encountered during this work are difficulty in dispersing PyCP I even
when dissolved in alcohol, the oil leads to flocculation and during flotation, lifts all components
regardless of individual surface properties. Therefore, it is always best if PyCP is completely
pyrolyzed removing any residual oil before other purification steps can be carried out. For
pressure agglomeration, the stability and compressive strength improved significantly above

10% water content with an optimum at 25%.
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Separation by flotation was done for two samples of PyCP (I and II) with different degrees of
pyrolysis, and the presence of residual pyrolysis oil for PyCP I and no oil for PyCP II. Flotation
was not feasible for PyCP I as selectivity was poor while the flotation of PyCP II was best done
by reverse flotation, with a carbon grade of 66.66% compared to 60.1% of the feed. The
purification by settling velocity didn’t give any significant improvement in the carbon grade,

while an 18.53% recovery of magnetic materials was attained from the wet magnetic process.

A handling test after agglomeration for the CMP was by evaluating the compressive strength
(CS) and breakage force (BF). A 3 wt% of lignosulfonate binder and 40 wt% water was
used for the tumble growth agglomeration. The breakage force (BF) for the median size classes
of 5,4, and 3.15 mm of the granules is 13.36, 6.03, and 5.18 N. The optimal moisture content
for pressure agglomeration was attained at 25 wt% water with a BF and CS of 64.95N and
82.7Kpa using the same weight percent of lignosulfonate. A similar experiment for
diatomaceous earth (DE) as a binder was also done, but with less CS and BF when compared

to lignosulfonate, even with varying amounts of DE.
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L/D

Breakage Force

Carbon from methane plasmalysis
Compressive Strength

Chemical Vapour Deposition
Diatomaceous Earth

Fixed carbon

Loss on Ignition

Municipal Solid Waste
Multiwalled Carbon Nano Tube
Polyethylene Teraphthalate
Particle Size Distribution
Pyrolytic Carbon from Polyolefins
Steam Methane Reforming
Thermal Decomposition of Methane
Density (solid, fluid)
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Acceleration due to gravity
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Appendices

Appendix 1: Grade-recovery at 5 vol% graphite for different reagent

Appendix 1: Table of Grade recovery at 5vol% graphite

Denver cell Mass Mass lﬁ;::g{]l.h Recovery Cumm. Grade Cumm. Rec.
[2] [%] [%6] [%] [%] | [%]
G.FLOT 14 FP1 g5.5 586 g5.1 63.0 050828434 63.0
G.FLOT 14 FP2 274 19.1 014 135 04 3207722 82.5
Reesidue 30.6 213 735 174 20 BB57R47 100.0
¥ 1454 100.0 284 100.0
Myzezier)
Denver cell Mass MWass Recovel Cumm. Grade Cumm. Rec.
1000°C 1h v
[2] [%] [%] [%] [%] | [%]
G.FLOT 1B FP1 893.6 4.4 g5.0 67.7 85.03 B7.65
G.FLOT 1B FP2 259 178 014 120 04 24 8567
Reesidue 255 178 727 143 90.41 100.00
¥ 1454 100.0 90.4 100.0
m
Denver cell Wass Mass . m;‘ﬁ:’{]'_h Recovery Cumm. Grade Cumm. Rec.
[g] [%] [%] [%] [%] | [%]
G.FLOT M FP1 70.0 487 G382 51.0 4381 51.00
G.FLOT M FR2 304 21.2 o440 224 0416 73.43
G.FLOT M FP3 121 126 425 13.0 4391 86.46
Residue 252 175 £9.1 135 29 57 100.00
¥ 1437 100.0 206 100.0
L
Denver cell Mass Mass 1000°C 1h Recovery Cumm. Grade Cumm. Rec.
[2] [%] [%] [%] [%] | [%]
G.FLOT DM FP1 Go.4 472 g3.1 450 83.06 42 08
G.FLOT DM FP2 414 281 a4.0 295 0342 7B.45
=.FLOT DM FP3 20.1 13.6 014 138 23.10 82,36
Residus 16.3 111 GlE 1.6 29,63 100.00
5 147.1 100.0 89.6 100.0
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Appendix 2: Grade and recovery for the different volume percent graphite
using ekofol 452 reagent.

Appendix 2: Table of grade recovery for the different volume percent graphite

Mygeesfrry
Denver cell Mass Mass 1000°C 1h Recovery Cumm. Grade Cumm. Rec.
2] [*] [%] [%] [%] |
G.FLOT 2 FP1 18.40 2563 95.11 26.99 85.11 26.99
G.FLOT 2 FP2 2418 33.69 47.03 36.19 9620 63.18)
G.FLOT 2 FP3 15.52 2162 93.17 22.30 95.39 85.48
Residue 13.68 19.06 68.82 1452 90.33 10000
¥ 7178 100.00 90.33
Mygeesfrry
Denver cell Mass Mass 1000°C 1h Recovery Cumm. Grade Cumm. Rec.
[g] [*] [%] [%] [%] |
G.FLOT 1 FP1 7136 50.67 96.13 53.84 96.13 53.84
G.FLOT 1 FP2 25.11 1783 04.14 1855 85.61 72.39
G.FLOT 1 FP3 20.15 1431 9228 1455 85.04 86.98)
Residue 2422 17.20 68.49 13.02 80.47 10000
¥ 140.84 10:0.00 8047 100.00
Mygeesfrry
Denver cell Mass Mass 1000°C 1h Recovery Cumm. Grade Cumm. Rec.
[g] [*] [%] [%] [%] |
G.FLOT 3 FP1 B5.78 43.07 8341 4475 g3.41 4475
G.FLOT 3 FP2 4154 20.86 84.40 2192 83.73 66.71
G.FLOT 3 FP3 40.23 2020 93.76 2109 §3.74 87.80)
Residue 3161 15.87 69.02 1220 89.81 10000
¥ 199.16 10:0.00 £9.81 100.00
Myeeesie)
Denver cell Mass Mass 1000°C 1h Recovery Cumm. Grade Cumm. Rec.
[g] [*] [%] [%] [*] |
G.FLOT 3ERR FI 115.00 57.70 83.41 60.00 8341 60.00)
G.FLOT 3ERR FI 49.10 2464 83.13 25.54 83.33 85.55
Reesidue 35.20 17.66 73.51 14.45 89.83 10000
¥ 199 30 10000 B9 .83 100.00
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Appendix 3: LOI of PyCPII flotation, reverse flotation, and magnetic

products

Appendix 3: LOI for PyCP processes

LOI of PyCP Flotation Products for sample Il

mazs of cru. 4 maszs of o,

sample befaord sample afte
Sample |Productacrucible numbemmass of crue. (g 1000°C (9) Mass of sample(g[ 1000°C (a) LOINFC)] ashigl] #FC | *iAsh |
PFLOT |M 13.2 15.32 15.30 057 556 034 0.23] 5330 4070
&0 12.85 13.43 0.8 13.08 035 024) 5343 4051
115 " 0.68] 047 59.39] 4051
Pz T.1 121 13.21 0.0 1232 023 020 5830 410
Y 12,55 13.01 0.46 2l 027 073) 5385 4112
0.36 " 0.56] 0.33] 58.89] 4111
P a0 155 N3 0.36 N7 021 015 5873 4127
E 12.09 12,96 0.47 1228 028 013] 5484|4115
0.82 [ 048] 0.34) 58.79] 417
Residue 5 12.83 13.38 055 1304 034 020 6232 37.08
11 12.83 13.41 0.58 1305 036 022 6280 3720
1.12 0.71] 042 62.86) 3714

REVERSE FLOTATION
RFLOT M 13 1273 1318 0.45 1292 026 013 5346 4154
X .81 12.31 0.43 12020 023 020 5845 4152
0.94 " 0.55] 033 58.47] 4153
pz2 32 12.60 1311 0.51 1281 030 02| S853[ 4147
i 1.8 1234 0.47 1206 028 020 S363) 4137
0.38 [ 058 041 58.57| 4143
P 200 10.55 .05 0.0 076 0.23[ 021 5343 4157
45 13.36 13.81 0.45 1355 026 013] 58338 4162
0.35 " 0.56] 0.40] 58.40] 4160
P4 21 12,58 13.37 0.43 13.08 023 020 S53.06) 4094
dd 12.61 13.13 0.53 282 03[ 021 5312 4083
1.01 [ 0.60] 041 59.10] 40.90
Residue 3 14.38 15. 44 .46 1513 031 0% E7I0f 3230
4.1 12,55 1312 057 2l 037 013) BB30| 3370
1.03 0.68| 034 66.66[ 3334
MAGNETIC SEPARATION

MAG F1 31 12.54 13.41 057 1307 034 023] 5355 4045
3.3 12.60 13.08 0.43 273 023 020 5353 4041
1.05 " 0.63] 043 59.57| 4043
NMAG pz2 22 12.33 12.81 0.4a 1253 023 013] 5965 4035
45 12.53 12,35 0.42 2700 025 017 5365 4035
0.30 0.54| 0.36[ 53.65[ 40.35
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Appendix 4: Individual BF trials for granules of 3 wt% lignosulfonate
binder
Appendix 4: BF of granules for 3% lignosulfonate

sizefmm] # SN A §SIN B SN C 5N D SN E #SN F #5N G
5 165 0.3 103 g B 13 3 12
7 0545 4 13 156 03 3 1065
153 04 106 L Ta? 0 94 109
7 0278 07 2055 B 07% %03
il 04 108 nos B 1ME T
AVERAGE 0.388 13.362 0.977 1.014
4 B0 0B85 38 8 1 33 3 163 44 03A5 g2 09335
B 0h45 3 EBES 24 3hG 13211 W 0K a3 06
k2 0465 00 B5% 125 an 1331778 ME 0955 M 05E
3 055 M 3465 72 2R 232 7 0 g 0955
k4 0A45 102 5 LI 135 112 a0 g 07E
0.551 6.033 31597 1.585 0.786 0.763
11 w2 025 0”3 N5 T 195 6 082 137 0R2 431 0545 a7 041
73 0444 4065 207 127 104 138 043 T 0.4 9 0R3
174 041 m 251 m 207 28 085 W 044 B2 0E5S 43 0845
175 06 b3 m 21 23 1585 W 043 B3 0ERG a0 07
e 049 M3 3845 120 i 130 103 W2 045 Ta4 0 1 06
0.4318 h.184 2 2866 1077 0.459 0.593 0.656
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Appendix 5: Trials for BF of pellets with varying moisture content using
3% lignosulfonate binder.
Appendix 5: BF of pellets for 3% lignosulfonate

Refrence for CF 2N Pelletizing fore 3500 N
diameter of pellet 2 em Peletizingpressun 140346 hifm?
depth of die 15 em Pelletizing pres  11.14085 Mpa
Praszure agglomeration measurements dislacment rate 10 mmimin
kst fwater Trials displacement(mm]  time(secs) weight befare dryjnglg) weight atter dryingg) % BF(M)  Lengthof pressem)
bl biowlscample sample bowlsample  sample massofwater massofwater  Ljem) LD
B 4 P! i) 054 1445 bk [LEX T 0os 12 B8R 1B
b H 20 13126 1388 457 AT 4R 0og 109 03 18
¢ i 18 1z 1303 34 W am bz 0E M 13
HAverage kik] 168 410 .06 004 097 883 18 0m
% i I 134,75 2.2 14 LT oz 0& o
b H uf 1325 13673 45 L] ooy nge By W7
¢ ki il 14 14629 57 [ TN oz 03 BAE 18
HAverage 1.3 1 460 4.5 002 053 1969 157 0.7
1% 4 n 180 130,74 e .3 Wi 2 6 MM 2
b b 19 13946 71 T4 54 645 19 A0 B0EE 28
¢ & 156 e 36T 13 73 ] [LCI 1Y (R
Average 287 [t 14 6.2 1 61 a2 1l
2 4 i 136 15202 132 43 o m AR e 26
b i n 13129 13847 B3 LA 17 2062 GER 26
¢ & 156 162 1446 4.3 LV I 19 05 6H 26
Average nn 168 .07 IA 150 2090 6552 260 130
0 a % 156 053 13 BE1 WA B4 PA TN TR N B
b ® 152 155 1H0.08 b5 W e W ME O HM 28
¢ 0 180 ik 1.2 838 0GR My MEE MR I8
Average 133 176 8.67 6.5¢ 213 M50 6495 250 125
e a e i 258 15336 07 L moonn o kR 2
b & 156 056 15157 41 WA Woonn o we 3
¢ bt I 10,74 kN At e TH ony o en 3
Average 20.00 168 12 1.8 323 107 5605 293 14
W P 132 139,55 15415 12 a4 946 XTI B R
b i 1 PR a0 1429 LU W& Mk W
¢ i 1 13963 1.3 1483 [LE EXT 5 ONE W 3
Average LR ] 140 137 .57 480 3342 6500 3 145
4y a8 i 124 1.2 15 1536 Wi 0% LI 1 B
bid) 18 1] [LYAH) 1.8 1343 LTt 42 NE O NM 48
o) i 12 LIk 1502 5 Wins 6T BT v I 1L S
Average 20,00 120 134 .86 428 3249 2786 350 175
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Appendix 6: BF for Pellets using DE binder with constant moisture content.
Appendix 6: BF for pellets for DE binder

diameter of pellet 1m Pelletizing force 3500 N
depth of die 75 Pelletizing pressure 7922379389 N/m?2
dislacment rate 10 mmjmin Pelletizing pressure 0.792137939 Mpa
wik of water Trials weight befare drying(g) weight after drying(g) % BF(N)  Length of prassjcm)
bowl bowlsample  sample bowl:sam sample mass of wate mass of water LD
8T% a 13530 1421 881 17 542 149 215 200
b 14060 475 6% 1602 542 157 04 200
C 13110 13798 688 13652 542 14 212 200
Average 693 542 151 275 100 100
15% a 14161 15103 942 14853 6.92 150 %% BR 280
b 14000 1498 9% WIn 12 16 %77 WB 280
C 14033 JEIE I L I YY) 1.4 5 5 B 280
Average 976 13 16 %% 01 280 140
Wh a 1428 15366 1086 15044 764 3 W& 03B 30
b 13951 15108 1157 14757 8.06 351 303 3% 300
C 13879 15040 116l 1464 805 356 3066 2648 300
Average 113 192 8w »’no 150
§.7% +10%CLAY & 15209 18010 RO 1834 b.45 1% 14 160
b 1454) 15386 744 15241 5.00 145 14 160
C 13134 1393 B 13780 6.46 159 1875 05 260
Average 18 630 15 157 05 260 130
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