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ABSTRACT

Throughout the years, the industrial production of aluminas ot stopped
growing due to the high increase in demand that adds even sex¢han it originally
already enjoyed. The sources from which it is extracted from natum® see
inexhaustible, due to this, the numerous investigationfithe been done in this field,
rather than increasing its production, are focused on carrying i autleaner, more
efficient and sustainable way since it causes high contamnatiiss manufacturing
process, especially by substances that are highly dangerowssetzo[a]pyrene that
is generated from the use of carbon anodes and more specificthley bmders used
to manufacture these anodes.

Among the proposals to minimize the emission of pollutarttssgarch for new
materials that replace the polluting raw materials, being made fromledaypaterials,
biomaterials or heavy oil fractions. These types of materials latelg been studied
in various research centers, however in most of the works thesaraezl out by
means of an experimental laboratory methodology without thefusehnology or a
computerized system that allows variations to be obtainetitston more results. fast
and with a high proximity value.

Technological advance in computers together with the develdpmin
programs, and current computer science together with fundamentamasitts and
its applications, are very intense fields but with great impoetaifhe different math
programs that interact with the computer in its different appbos are very broad,
especially for solving very complicated numerical problems winoseual algebraic
resolution would have been practically impossible to do a #avsyago. This is why
this work will be focused on obtaining a simulation b& tmost representative
properties of the synthesis process, with the aim of contndpidi the growth of this
emerging field with a view to a larger scale of production of bindetsstrve for the
production of carbon anodes in the aluminum manufacturing process.

Keywords: CARBON BINDERSCOAL TAR, COKING COAL, ANODES
SOFTENING TEMPERATURE.
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INTRODUCTION

In the future the industry may be determined by low capitalopedating cost
processes. The reliability and low price of mineral coal are therfatdr its use in
industrial processes, it has been used in many and diverg#iesctThe relentless
pressure on operating, production and investment costgisddhe various industries
that use coal to accelerate technological development and consrdéeachnologies
and improvements, with a view to better qualities, better padgnce, less capital
intensity and better environmental impact.

Although innumerable efforts have been made to reduce dependeroalon
worldwide, this is one of the main products in energy productoetallurgical
industry, ceramic industry, etc., achieving, contrary to what was expectedyeasm
of 1.5% in its production since 2014 according to the matgonal Energy Agency
(AEI) with a production very close to 8 billion tons in 2019.

Worldwide, new reserves have been discovered, mainly in the laogkigng
countries, measured at more than one billion tons. One of thggepdeoducers is
Russia, which is in 6th place on a list led by China, produaiound 430 tons in 2019.
Russia is home to the second largest coal reserves in the aftetdhe United States,
with an estimated 162,000 million tons located mainly in the Sibbaams [1]

One of these uses that can be given to these carbonaceous naatdriaésr by-
products is the production of binders, the most wideld isseoal tar, which is obtained
as a by-product of the coking process. This process also tgEnarkarge amount of
by-products and secondary chemicals, such as methane and othecalhlgons,
transforming the coke into “water gas”. When heating the coal the yield in solid
products (coke), liquids (tar) and gases, varies with the tempergtom 1,000 °C the
coke is graphite [2].

However, in recent years studies are being carried out to dispetiséhis
binder, since coal tar is a by-product of coal coking, which lghly expensive
process. Coke is used as a reducing agent in the productieelpfgirocess that takes

place in iron smelting furnaces, where the carbon from the coke cambitiethe
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oxygen from the iron ore to convert or "reduce" the iron oxilgutre iron, casting
that is carried out in the blast furnace [3].

Currently, 73% of the world's steel comes from the Blast Furnade;rou
However, this percentage has been decreasing in recent yeardlteidewelopment
of other much less expensive technologies that reduce or elintlirateed to use coke,
such as the production of steel by direct reduction witlidgeh and natural gas or the
use of electric arc furnace (EAF) that are fed mainly on scrap steel. A xgegtle of
this imminent change is represented by the US, which prodix®édof its total steel
production in 2017 through the EAF process. As a result of thesathe United States
accounted for only 1.6 % of world demand for metallurgical coahduhe same
period, as this was not very relevant in its steel production $gsdd¢

As the demand for coke decreases, the demand for coal tar will in turn increa
so it will become scarcer, in turn increasing its price, since, coritraxgke, coal tar
is a product that is growing in demand [5], demanding inorggshigher quality
standards due to its implementation in the development ofewwologies for carbon
materials or aluminum production processes (Hall-Heroult process) [6].

Aluminum is obtained from alumina by means of an electrolytargss in
which the anodes are made up of a charred mixture of petroleum clekg hid pitch
(binder), generally coal tar. The nature of these anodes, and, morecsfigcitine
composition of the constituent pitches, is related to dritkeomain problems of this
method of aluminum production: the emission of polycyclic atamaydrocarbons
(PAH), many of which are carcinogenid.[7

The preparation of such carbon anodes begins with the m{xlted paste) of
the filler coke and the binder pitch that is carried out at a tetyperabove the
softening point of the pitch (which is usually of the erdf 90-100 °C), and this
operation constitutes the first point of PAH emission ihedtmosphere. The second
point is constituted by the electrolytic process itsellyhich temperatures of the order

of 950°C are reached, especially in the so-called Sdderberg technologlyicim the



carbonization of the paste formed by coke and pitch takes phacdui, in the
electrolytic cells. During this carbonization, significantHPAmissions can also occur.

Faced with this problem, the need to develop new procesgesd|tdw obtaining
a high-quality binder product such as coal tar without gdingugh the costly coking
process is almost mandatory, in addition to avoiding or redube problems that this
process generates of impact environmental [8].

Russia also has large oil fields whose by-products can easipeate with
traditional coal, producing a type of coal with greater reactwitthermochemical
processes, being also less polluting to the environmetiticirey carcinogenicity.
However, this type of petroleum-derived products, such as piahk, several
disadvantages that are associated with a high corfteolatile substances, low coking
capacity or low content of substances insoluble in toluesteare responsible for the
binding properties carbon J[9 The use of petroleum pitch in pitch and coke
compositions gives them less plasticity and also increasevigmsity, which is why
their use for the production of anodes and electrodes widely im the metallurgical
industry is not convenient.

The solution to this problem is to use a mixture of theseswstances, both
coal tar and petroleum products (pitch), in order to obtaindebimaterial that meets
the demanding quality criteria.

This type of solution has already started with various reseaorks, one of
them that of Safin et al., which is the basis of this wdtkaioed a material that meets
quality criteria. These results were achieved starting from three raw materials in eg
guantities such as petroleum-derived (commercially availableuprddom Omsk
refinery), coal tar (CT) from Altai-Koks plant and a 1GZh mediungeacoking coal
with high volatility, under defined pressure and temperature gonslin an oxygen-
free atmospherg.0].

The implementation of a computerized system of this processomtanuous
flow reactor will allow greater control of the variables invalas well as being able

to predict the changes that could eventually occur istdré-up of the process (on pilot
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scale), reducing the greatest number of setbacks, allowingri@ggerience quickly
with a reduced cost and without jeopardizing the produgtofithe system. Few are
the innovative companies in this sector of the produabiohigh-quality coal raw
materials, one of them is Yancoal from Australia which has asskle production of
350 kg/h equivalent to a quantity in the range of 1-2ydar, so it would be a great
opportunity to be one of the pioneers in the productiahisftype of raw material at

the country leve]l11].
1.1 Background study

Various authors and research groups have dedicated their effonzrtwe the
production of carbon binders for various industries mainlgypcog anodes, cathodes
and graphite electrodes. Most of the bibliography at presensdeaon studying the
properties of coal tar as the only binder that can be commercializadaoge scale,
there is a shortage of studies focused on new materials thaepkace its high
consumption or at least reduce it. This is due to the fact thatrtduction of coal tar
depends on industrial processes that have been replaced ovgedite with the
application of new technologies, in addition, this bindex &aelatively high amount
of harmful compounds that can seriously affect living organitiswhich may have
contact. For this reason, works whose purpose is to syrdhmsadapt new materials

that can serve as raw material in the production of binders are shown below.
1.1.1 Laval University - Canada

Hussein, et al., try to synthesize a binder called bio-pitch tinadiisly used for
use in the aluminum industry and whose main characterighati$ does not use non-
renewable raw materials such as coal tar in order to reduce thgieabfootprint that
these types of industries that produce this material lealvied. They produce binders
from the pyrolysis of biomass, obtaining a biological oilickh when heat treated,
achieves a product with characteristics similar to coal tar, suitilar viscosity and

softening point values.



This material meets the quality characteristics expected of iidnad carbon
binder, possessing high wettability as well as complyuiitp a standard behavior
against thermal processes with a very good result capable ottinghdirectly with
commercial coal tar. Another reason why this binding materialldviboe more
beneficial is because it has a much lower value of sulfur, whidoces the
contamination of this element into the environment due tmjiact on global warming
due to the effect greenhouse that produces. Additionally, redudeesvaf heavy
metals such as vanadium and nickel.

The process in which it is obtained is based on theosapn at atmospheric
pressure of the volatile components of low molecular weigkdgmt in the biomass
and on the polymerization of its higher molecular weight compqumuisever the
treatment of this material was carried out under a controlled heat ¢érgaaching a
maximum temperature of 200 °C due to its high amount of oximernoid possible
unwanted sources of combustion that may affect the characteoistinesfinal product
[12].

Although bio-oil, the base product in the productioriokpitch, is an organic
material, it comes from the pyrolysis of softwood, so it wastitl continue to be
harmful to the environment and also a material with limited acsbss it is made
with the waste of this wood, since it depends on otheufaaturing processes for its
production. For this reason, although it is a fairly reasoraideadequate alternative
to current times, it would not meet the necessary demand requitieel @arbon binders
consumer industry, which requires new methods or raw matehatsnbay be
applicable in production processes. current.

One of these substitutes or rather complements of coal tar thdsenagoplicable
today are the compounds derived from oil, more specifically hedvgr heavy
fractions that are obtained after obtaining the lighter fractions ofcoildsuch as
gasoline, diesel, lubricating oils, etc. As in the work belowi@drout in the city of

Krasnoyarsk and presented at a conference by Marakushala, et



1.1.2International Conference “Aluminum of Siberia”

The primary objective of his research is to reduce the harmful effé@s @n
the environment when using coal tar for the production of anodds the release of
benzo[a]pyrene gas into the environment when they are consumad) dbe
production of metallic aluminum. In addition to reducing thenteont of
benzo[a]pyrene, which is the most toxic compound, a materialaviow content of
sulfur and ash is obtained as it does not have high asmotineavy metals. To achieve
this, they propose the substitution of a fraction of coaldiaaffraction of petroleum
derivatives as a complement in obtaining this binder.

During the experimentation, two different types of petroleum-derivec
compounds are tested, such as heavy gas oil from the catalytilmgrackt and a
heavy resin from pyrolysis. These two types of compounds wee dise to their
similarity in chemical composition and physical properties to coal tar.

With the use of this type of heavy petroleum compoundsdebthat is possible
to be used in the production of anodes was predicted dtsrasd also reduces the
emissions of benzo[a]pyrene by 20 to 40%, however its propeHhsacteristics are
not the most adequate to be able to compete with the {ahabhas a superior quality
according to the authors.

A more in-depth comparison of this type of materials is ptesebelow where
Korean researchers from Chungnam National University analyze thedrebiahese
raw materials in the production of thermal and electrical condiyatlectrodes, which

is another industrial use that can be given to this type of binders.
1.1.3 Chungnam National University

Jong, et al., focus their work on the comparison of a binder defroed
petroleum with one of commercial characteristics based on coal xpkdaraentation
consists of using these two substances as binders in theitrmiglectrodes in fixed

molds, also using graphite and coke as raw materials, called fillers.
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A suitable preparation of the particle size of the filler was rtakeo
consideration in order to find a balance between its sobdlityconsumption of binder
in the formation of electrodes. That is, by using a reducedcleasize, its specific
surface will be high and therefore it will require a greater amoubinoter to cover
this entire area. If the opposite happens and a larger pareléssised in the filler,
the formation of the electrode will require less amount of binder, however, losell
solidity [13].

Additional properties were found, which were already known, suttftaag/hen
using the high softening point oil pitch, it will all better filling of the empty spaces
between the coke and therefore allow a greater thermal conductithg ofiaterial,
obtaining values of up to 102.8 W/mK compared to lower valresn using the carbon
base binder with a value of 99.5 W/mK. They also observed at defationship
between the softening point and the thermal conductivity, mhgahigher values of
this property the higher its softening point value, witluga compared between 116
°C and 150 °C of the same oil binder.

The mass loss of the binders at the temperatures of the electrodéidiorma
process, around 900 °C, did not present representative vallrelsges of 2 to 3o
for the oil binder and losses of around 1 % for the binder. carshsed. However,
these results of mass loss are important when analyzingthleility of the electrodes
since when using a binder with a greater amount of volatiledrecsuch as oil binder,
they can affect the physical characteristics of the electrode asslyeeaier formation
of intergranular spaces between the filler, not to mention that it will &@angreater

amount of gases that are harmful to the environment.
1.2 Objectives

1. Evaluate the synthesis of a new type of binder in a flow reiactchich
raw materials such as coke, coal tar and a heavy oil fraction will hedreaorder to
analyze the optimal conditions for the process based on experimental.result

2. Determine the most important variables in binder produaticim &s coke
content, softening point, substances insoluble in tolueesspre and viscosity as a
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function of temperature using MATLAB R2019a as mathematical madekpsing
software.

3. Reduce the degree of pollution to the environment that ©dor to the
emanation of gases when the anodes are consumed that are produced when using
the coal tar as binder in its manufacture, because it has a cobEdamount of
benzo[a]pyrene.

4, Give added value to heavy oil fractions that can makebhbe®darge
investments in the future in thinder’s industry, anodes, due to the increasingly scarce
production of coal tar.

5. Propose a design idea that allows it to be used forrdkigtion of this
binder with greater flows of raw material on a pilot scale, whithbe given by the

realization of the PFD plan made with the AutoCAD Plant program in 2D and 3D.
1.3 Justification

The justification for this project is given by the fundamentgéctives of this
work, one of these is to reduce the environmental impact of proglutaterials that
contain a high number of pollutants and, as previougiaamed, the use of materials
such as coal tar causes subsequent contamination when used by industriesitbat re
it. Producing new types of materials and evaluating theiassile production that
allow the reduction of contaminants highly risky for life and gtanet, will give the
material a greater permanence in the industrial sector, which will allaav be
produced for a much longer period of time due to those new imugbasestrictive
environmental laws are currently being enacted around the world.

Another reason is to take advantage of the great variety obheggources that
the Russian Federation possesses, especially in the regidredbSvhere there is a
large amount of production and reserves of coal and oil.

There is a great advantage in the new government plans to reactisge th
industries to provide them with financing and technologh wyie aim that they can be
the main producers of these resources but mainly of their derwaiivee they give

them an added value that will be more valuable for the woaldken. As an example
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to mention one of these projects is the plan to reach the gé6@&Dahillion tons per
year of coal until the year 2035. In addition to belongingrte of the 8 countries with
the largest oil reserves worldwide, it would start with @&@ewvadvantage by
implementing factories that involve this type of studies the creation of new

materials and thus be able to achieve industrialization plansasuong-term goals.
2 Literature Review

In this section, the basic concepts that are involved inelkelobment of the
project will be treated, such as the review of the raw materials cttraposition and
their most representative characteristics, as well as the phendratimadrvene in this
synthesis process together with the explanation of whyttbatifferent softwares with

which it was worked have been chosen.
2.1 Coal Tar Pitch

Hydroformylation Coal tar is a by-product in the productadncoke, it is a
thermoplastic material obtained by carbonization of coal as awatsrial at high
temperatures, above 1000 degrees Celsius followed by a cadlimg volatile
substances to a value lower than 400 14].[Next, in Figure 1, shows the general
molecular structure of this type of compound, while Figyra 8iagram of the coal
coking process is presented, in which the various by-preduetfound, of which the

coal tar pitch stands out.

g
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Figure 1- Coal Tar, average molecular structure
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Figure 2— Scheme for obtaining coal tar pitch in the coking process [15]

A thermoplastic material is one that is formed by polymersataunited by
intermolecular forces or Van der Waals forces, forming linear or branchetusés.
For example, we can say that a thermoplastic material resembles sasefied ropes
that we have on top of a table, the greater the degree of entanglement of thimeope:s
greater the effort that we will have to make to separate the nape®&ch other given
to that the friction that occurs between each of the stoffgss resistance to separate
them, in this example the strings represent the polymers anddienfrepresents the
intermolecular forces that hold them together [16].

Due to this property, this material is one of the most usdddasired when
requiring a binder for the production of anodes or cathodelseirmetallurgical or
energy industry in general, since the behavior of coal tawsllt to enter the pores.

intergranular and form a paste with high stability that wathstand high process
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temperatures as well as the high pressures to which they are suligesjugacted in
the formation of finished materials [17].

This property of forming paste with high stability is doedifferent properties
that a binder of these characteristics must fulfill, these propdidiéen the presence of
molecular groups of oxygen and nitrogen, as well as ivahes of surface tension
and viscosity. Although both variables depend on thernmblecular forces of the
substances, they are interdependent concepts [18].

There is a method with which the binding capacity of thishpitan be
determined, called wettability, which is a very important interfadi@aracteristic in
industries that deal with bituminous or petrochemical matefidlis method consists
of grinding the sample of the binder material that can be a coal aamesh size of #
200 or its equivalent to 75 microns, then it is placed in anialugrucible in which it
is heated up to 178 °C. A Once it has been heated, the mistpoalked onto a surface
where the material in which the binding characteristics wlelaluated is located.
The measurement parameter consists of the assessment of the anigiehathes
binding material falls on the surface of the coke. Figure 3 shbesvarious

measurements carried out during this analysis [19].

Contact Angle

2r
tan8” = hir
Contact Angle ¢ = 28"

Figure 3—- Representation of the values for the calculation of wettability
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There are several problems with the use of coal tar as a binder since it prodt
very dangerous substances for the human organism and for tftenerent in general,
releasing compounds such as benzo[a]pyrene gas duringthengation of the anodes
of which They are part of the process of obtaining metallic alumintinms
benzo[a]pyrene, which is shown in Figure 4, is a polycyclic aronmgticocarbon
considered one of the most powerful carcinogens, gastroiratieséincer, lung cancer
and other types of cancer, as well as causing different camlgioch as dermatitis,

chest pain, low immunity and respiratory problems [20].

Figure 4- General structure of Benzo[a]pyrene

2.2 Petroleum Derived Product

This work specifically deals with heavy oil derivativesuhitnous type because
these types of substances are the ones that have a greatet ainoampounds that
can be converted to coke by means of thermal processes.

Most of the world's oil resources are viscous and heavy hydatsrwhich are
difficult and expensive to produce and refine. Generally, th@ibeor denser crude
oil, the lower its economic value. The lighter and less dense tmactens, derived
from the simple distillation process, are the most valuable. Heraxe oils tend to
have higher concentrations of metals and other elements, whiglesemore efforts
and expenses for the extraction of usable products and thei§pasdl of waste [21].

However, with high demand and high oil prices, and with tbdyzction of most
conventional oil fields in decline, the attention of the stduin many parts of the
world is shifting towards the exploitation of heavy oil ah@ Instead of taking

advantage of the heavy fractions that are obtained by refining light or medium cruc
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For example, in Figure 5, you can see the percentage of different fypiésnothe
total oil reserves worldwide, where heavy oil, extra heavama bitumen make up
approximately 70 % of the total oil resources in the worldjvedent to an estimated
9 to 13 trillion barrels [22].

Figure 5- Total oil reserves in the world

In oil refining processes, as in vacuum distillation or cragkprocess, a
considerable amount of bitumen is obtained as a residue thadepend on the
composition of the processed oail, this is considered onleeolfi¢aviest fractions that
are produced during the conversion of crude to lighter prodietdstocks used for
the production of coke comprise:

- Petroleum Fluidized Catalytic Cracker Decant Oils (FCCDO)

- Petroleum Low-Sulphur Vacuum Residues (LSVR) or Vacuum Residue

(VR).

- Coal-Tar Pitches (CTP).

- Ethylene Tar Pitches (ETP).

- Solvent Refined Coals (SRC).

FCCDO oit is a heavy residue formed by catalytic cracking of VR, atmospheri
residue, or a mixture of both. The main function of the catalytic trgakaction is
the production of naphtha: the greater the severity of the reattimmore aromatic
the FCCDO is. Less severe cracking conditions produce a greatetagaice of long
alkyl side chains attached to aromatic molecules, of which thenasrity of FCCDO
is composed. The selection of the catalyst is highlyéniftial on the subsequent quality

of the coke formation, this is an aluminosilicate that wolhtribute to the ash content
17



that the coke will contain. In its chemical composition, theCBO flow is
characterized by high concentrations of polycyclic aromatic hydrooar®AH) of>
70 %, with an insignificant concentration of reactive asphalte2igs [

Vacuum Residue Petroleum (VR): is produced as the residual produs of t
vacuum distillation of atmospheric residues. Compared to other raaviatsitthey are
generally composed of higher molecular weight compounds, atsaathrized by a
high content of sulfur, asphaltenes and aliphatic molecules.tyipe of raw material
produces coke of low quality but which is widely abundarihe market. LSVR can
be used in a blend with a more aromatic settling oil to incréasguality of the one
that will simultaneously produce a lower sulfur content coke. Thhe@stent of LSVR
or VR feedstocks is totally dependent on the mineral mattereofriide oil and the
efficiency of upstream desalinati¢i3].

Heavy oil compoundarevery viscous material of black color that is practically
a solid at temperatures below 40 °C soluble in carbon disulfide, has vergritilent
of volatile substances, waterproofing material and with gh htomposition of
substances insoluble in toluej24].

It is also called as a hydrocarbon material because it has a high cariient
in its chemical composition, equivalent to 87 % in additm11 % hydrogen and?%
oxygen.

However, for the correct characterization of the properties of adphatiens,
an elemental chemical analysis is not enough, but a careful efudy physico-
chemical properties is required, among these the viscosity, peretiest, thermal
susceptibility, aging, penetration index, softening pointhEaf these is explained
below[25]:

Viscosity: It depends a lot on the temperature. At a lower temyperdtitumen
has a high viscosity and acquires the properties of a solid b, with increasing
temperature, the viscosity of the bitumen decreases and becopgs athte. There

is no relationship with density although these properties aralljisimilar.
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Penetration test: The degree of penetration is the unit of negasaot of the
consistency of the product. The consistency of a bitumen cgndeaending on the
environmental conditions, varying between liquid, semigsoli solid. Consistency
varies as the density of a bituminous product increases asrikistency decreases
with increasing density.

Thermal Susceptibility: Although it is an originally sopdoduct, it is in turn
malleable. This is achieved through thermal variations. In thse,caith the
application of heat.

Aging: Bitumens are put into work in a liquid state. Thieeytharden and the
viscosity grows. This phenomenon takes place until reachingaarckardness. From
there, the cohesion decreases and the product becomes brittle, g#nyesenabruptly
applied stresses and rapid deformations.

Softening Point: As density increases, penetration decreasesepilasents an
increase in the softening point. A test for its measuremeheisng and ball test (A
and B) which consists of increasing the temperature of the systeposedof water
or glycerin depending on the type of bituminous sample toeweuated, the
measurement consists of taking the temperature value at the gpaattvhen by the
action of heating and by the weight of the ball on the sampéadhes the reference
mark of the test, which is generally located at a distance wir@5Figure 6 shows the

experimental scheme used to determine the softening [@6int

Figure 6- Softening point apparatus [27]
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Figure 7, shows what the typical structure of a petroleum pitch is likks wh
Table 1, presents a summary of the properties and characteristics of adntsimin

compound, and also a comparison with asphalt and tar [28].

Figure 7 - Average structure of an oilgbit

Table 1 - Common physical-chemical characteristics of bituminous compounds

Density 20 °C (kg/m3) 1004,8
Coke capacity % 13,12
Asphaltenes 3,5
Resins 15,9
0% VIV Solid paraffins 1,7
Paraffin-naphthenic hydrocarbon: 24,6
Aromatics 56
Vanadium 25,1
Nickel 34,9
Sulphur (% wiw) 1,35
Kinematic viscosity (cSt) 1035 (a 100 7C)
337 (a 120 °C)
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The main uses of commercially available bitumen are: Bitumen & fase
making roofing and moisture-proof felts, for waterproof wrappingepagsphalt for
pipes, joint fillers, bituminous filler compounds for cable &®x for sealing
accumulators and batteries, dam protection felts and for therswdhtion materials
for buildings, refrigeration equipment and cold storgyi.

Additionally, the use that will be given to these bituauia mixtures will be that
of a binder for the production of aluminum anodes, for this theumngixof this
compound will be made with the traditional coal tar, denonmgagietroleum coal tar.

Petroleum coal tar.
2.3 Petroleum Coal Tar

Petroleum coal tar can contain a percentage of 15 % to 40 % bhtveéithe
petroleum-derived product as a raw material in the production of the binder.

Currently, Russia does not produce this type of product dueritmus problems
to eliminate in the properties of this material, suchrasgnting softening temperatures
higher than those obtained with only the use of such sodl requires a greater energy
consumption in subsequent use. In addition, these oil frectiave a lower amount of
aromatic substances that are the precursors of the formation ofnctike binder,
which is detrimental, not counting on the fact that as theyeary fractions, it will
contain a higher percentage of sulfur in its compos[@&h

There are two methods for the production of this material, thecbrstists of
the direct mixture of both components under mechanical agitatainptbduces a
homogeneous mixture, while the second method consists ittt distillation of the
initial resins of petroleum and coal tar, thus reaching 50 % itothkemixture of these
substances but with physical characteristics more similar to pure cf@jtar

The binder to be obtained, in addition to obtaining thesecomponents, which
are the heavy oil fraction and coal tar, will also use coke to give ihamhmgrcentage

of this compound in the final product called pitch like product.
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2.4 Coke

Coke is a low-impurity, high-carbon fuel, usually made fromal.do is the solid
carbonaceous material derived from the destructive distillafitoweash, low-sulfur
bituminous coal.

Metallurgical coke is obtained by a process of coking, pgmlgr destructive
distillation (heating in the absence of air between 1000 and A@G0vith a time of 15
to 30 hours, eliminating the volatile material) of bituminoursaral coals that have the
capacity to transform into coke after going through a plasticephfisis process
generally is carried out in chamber of @8 [31].

While coke can form naturally, the commonly used form is man-made. iirhe fo
known as petroleum coke, is derived from petroleum refinery colts or other
cracking processes. Its main use is in smelting blast furnaces, wheré¢ meaiigh
hardness, good agglomeration and resistance to compression, ilrooagjreat
mechanical resistance, great thermal performance, fluid and carburizedmrcasstis
also used in masonry, factories. cement, lime and dolomite kilns, etc.

Among its uses are3g):

- Coke is used in the preparation of producer gas which is anaigf carbon
monoxide (CO) and nitrogen (N2). Gas production occurs bsinmasir over
hot coke. Coke is also used to make water gas.

- Coke is used as a fuel and as a reducing agent in the smeliting ofe in a
blast furnace. Carbon monoxide produced by its combustion reduces iden ox
(hematite) in the production of the iron product.

- Coke is commonly used as a fuel for blacksmithing.

Beehive ovens are used for its production, which help to gesrdahe coking
properties in the final product, metallurgical coke. Different ttarsistages of the
coal are given until the coke is obtained as the desired déimgldrature for the process
is reached, as explained bel{83].

100 °C- 200 °C: Progressive elimination of humidity and release of gases.

350 °C: Beginning of carbonaceous fusion.
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425 °C: End of melting and beginning of swelling.

450 °C: Maximum swelling and maximum gas pressure.

600 °C: Release of tar and gas formation.

625 °C: Maximum evolution of ethane and initiation of small amoaingshylene.
650 °C: Greater weight loss.

700 °C: Maximum evolution of hydrogen, carbon dioxide, ethylene asesga
800 °C: Rapid reduction of gases.

1100 ° C: Gases evolved, carbon monoxide and hydrogen,

The chemical reaction that governs this process is:

4(C3H4)n =2 HC6H6 + 36 < 31’1H2 + HCH4

Coal Benzene Coke Lighter hydrocarbon

A general diagram of the equipment used during this process is shown in
Figure 8.
During this reaction, approximately 1400 Ib of coke and lgslof tar are

produced for every ton of medium surface area (33§l

Air
. 4
o 4~
|+~
1 - screw loader Y \/
2 - tubular dryer 4 v A, = = g:
3 -cyclone 7\ 4§} Coke
4 - coal roller-press mill e ' o, o ¥ <5
5 - firing oven

Figure 8 - General diagram of the process of converting coal to coke
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The remaining factors to consider to obtain a high quedike are; particle size,
charge density, temperature, coking time, humidity and the agirng @olals during
aging. Factors that will be detailed below:

Coals for the production of coke or coking coals granulpmdthe finer the
coke quality, for example in France 88-% < 2nm is used, in the United States
between 7046 -80% < 2nm is required. Generally, a particle size smaller thamBnl5
gives better results by providing a better structure and hardness to #&j85jok

Charge density: It is the weight of the coal per cubic metetofty it influences
the pressure on the walls of the retort; it is of order 0.88rdt an industrial level;
the higher the density, the production improves and there are sizgsr the density
is influenced by humidity and granulometry.

Coking process temperature: The coking temperature is an opatatio
parameter, which drastically influences the quality of the cokaradd. That is, as the
coking temperature increases, a better-quality coke will bénebtta

Coking time: As the coking speed decreases and the cokingntneases, the
mechanical resistance of the coke obtained improves (said tindetsranining factor
of the plant's capacity).

Humidity: The variation in the humidity of the coals leads t@@aation in the
charge density, and consequently the coke production yield. Die &vaporation of
the water the heating rate is reduced, increasing the coking time.

Aging of coals during storage: The storage of coals gherscoking properties
by oxidation, presenting a higher incidence in coals withigh content of volatile
matter. Within industrial limits, the impact on kiln productivisyvery small.

In the process, several by-products are generated that are genefiakyl
within the coke plant to basic chemicals such as elemental,sathmonium sulfate,
benzene, toluene, xylene and naphthal86&

Coke oven workers are exposed to polycyclic aromatic hydroca(B#iss)

during coking, and secondarily to the substances named in theyzr@amgraph.
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The synthesis of this new pitch like product will balkyzed under a continuous

process in a flow reactor.
2.5 Flow Reactor

Plug flow reactors are homogeneous chemical reactors thitiwa steady
state, that is, the properties of this type of reactors are constariime. They are also
known as PFR (Plug Flow Reactor) and are characterized by not axiaihgrthe
streams that are inside the reactors and that are part of thegpioceddition, this type
of reactors can operate in different phases, whether liquid or gaseouhich the
composition of the fluid varies from one point through the timacof the flow of said
fluid, assuming an ideal piston flow so that in this way theversion is a function of
position [37].

The plug flow reactor (PFR reactor) usually consists of an empty tubewho
tube), it can also contain catalysts in package form to speed siow down the
reactions that take place. The temperature and concentration profiles rassed@s
a function of the position of the fluid within the readid3].

The reactants enter the reactor and flow through it in an axial direDiimimg
the journey the reactants are consumed and the conversion iscorgdsiength. The

operation of this type of reactor can be seen in the following Figure 9:

Plug flow—no radial variations in velocity,
concentration, temperature, or reaction rate

Y

Reactants

Yy

Products

Figure 9- Plug Flow Reactor, PFR [39]

Plug flow reactors (PFR reactors) are very similar to full mix readto6TR
reactors) in that they are both continuous flow reactors. These rediffersn that
they both have very different mixing characteristics.
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2.5.1 Characteristics of a plug flow reactor

The most important characteristics of a PFR reactor (plug flow reactor) are t
following:

- Continuous and not necessarily constant flow of the andtoutlet currents
(piston-type flow within the reactor).

- They work in a stable regime, so the characteristics do aagetas a function
of time in a given position.

- Absence of axial mixing inside the reactor.

- The mixing takes place completely in the radial direction insidesteor. In
this way, it is guaranteed that the properties of the fluid are comstidunt plane.

- Density can vary according to flow direction.

- There may be heat transfer between the reactor and the surroundings.

- Chemical reactions take place in an open system.

- Pressure, temperature and composition vary in relation to thth lehghe
reactor.

Taking these characteristics into account, we can establish that:

- Each of the elements of the fluid has a residence time witbiretkctor (tr),
this time being the same for each of the elements. That is, tleisgiomique for all
elements of the fluid and does not vary during operation.

- Flow properties can undergo continuous changes in flow direction.

- When each portion of the fluid is in the axial directipggardless of its size)
it acts as a closed system (it does not exchange matterthethportions that are ahead
or behind) that is in motion.

- The volume of a fluid element is not necessarily constaougfmout the
reactor, and may experience changes in temperature, pressure and number of n
[40].

2.5.2 Plug flow reactor applications

Among the main applications of PFR reactors are the following:
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- Widely used for reactive gas and vapor systems.
- They are ideal when a large production is required continuously.
- Frequently used for both exothermic and endothermic reactions.

- They can be used as fixed bed reactors, as long as they taystazontaining

gaskets inside.

- Very popular for oil refining and butane, ethane and propane production.

- Widely used in different polymerization industries (ethgleras well as food

and beverage industrie]].

Its use, as in other reactors, has a series of advantages and dasgat/trat we

will describe below.

Advantage:

They have a low operating cost, when compared to intermittent reactors.
They work continuously.
Automatic production control is very simple.

They are very efficient.

Disadvantages:

The initial cost is high.
They are not the best choice for reactions with long residence times.

The residence time is fixed for a given feed stream.

2.5.3 Material balance

To arrive at an equation that allows us to represent the tgpoof the reactants

as a function of the distance within the PFR reactor (plug flow react@)eécessary

to analyze the variation in the concentration of these reactants over time.

Previously, some assumptions must be taken into accountasuébr example,

that the fluid is perfectly mixed in the radial directiordahat as the reagent flow

passes through the reactor, its concentration decreases. Likewisst ie considered

that there is no accumulation inside the reactor. Taking actmount all these

27



considerations, we will take the reactor as a system with consnatet and outlet

flow to perform a mass balance, as we will see in the following Fifuf42):

Distence through reactar

Figure 10 - Variables as a function of the distance from the reactor

When performing the mass balance, we arrive at the following expression

dm

P Mi, — My + reagent depletion

The first term represents the accumulation of mass, since theremass it

becomes zero, leaving the expression as follows:

Mmi, = My, + reagent depletion

Substituting terms:

M, = Fy
mout = FA + dFA
reagent depletion = —(r,)dV
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Regrouping and simplifying, we arrive at the following designaéiqu for a

plug flow reactor:

FAodXA = _(TA)dV

As in a CSTR reactor, the space time for a PFR reactor is defined by:

Where:
V: Volume of the tubular reactor.
vo. Volumetric flow at the reactor inlet.

While the residence time can be deduced by the following expression:

dV = vdt

As described in the disadvantages of this type of flow reac&viously, it can
be observed by means of the final equation obtainedhthaiume of the reactor will
be directly proportional to the residence time, so it would mosudtable for this
specific work. the use of this type of flow reactor, since a longtheragactor would
have to be designed due to the relatively high residenceofitie reactants during
synthesis. The possible solution to this problem would be given by the aseSHR
type reactor (Continuous Stirred Tank Reactd@)].|

2.6 CSTR (Continuous Stirred Tank Reactor)

Continuous stirred tank reactors (CSTR) are the most importarggzoinits in
an industrial chemical process. In particular, the non-isotherorahdiabatic CSTR

is the reactor of greatest application for many reactions of industeatah.
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In the CSTR the reagents are introduced and the products are extrac
simultaneously and continuously. A CSTR is generallysim@red to be homogeneous
and is therefore modeled without spatial variations in conceotratemperature, or
reaction rate throughout the vessel. In fact, the most impodasideration in relation
to the dynamics of the CSTR is that perfect mixing occurs witienreactor. Tl
means that the properties of the reactant mixture are considered unifpiheae
within the reaction vessel and are therefore identical to the prp@itithe outlet
stream §#3]. Another important consideration is that the inlet stream mixgantly
with the mixture present in the reactor. In practice, if an incoming etemhesactant
material is evenly distributed throughout the tank in ahmstoorter time than the
average residence time in the tank, then the tank can be considdiredxed. Figure

11 shows a general schematic of a CSTR.

electronic
reactant 1 valve
—>

— ) ! control
) :

reactant 2 level gauge
—>

to vent
system

N

floor level||

LTI V777772

coolant—=2

stirrer

Figure 11 - Continuous Stirred Tank Reactor, CSTR [44]

Simple generic model of a CSTR There are complex interactions betwe
transport phenomena and reaction kinetics that characterize CSTRsaandrdetheir
performance. The mathematical modeling of kinetic mechanisms andré&estet
phenomena has been an area of active research in chemical engimaecegt years.
Unfortunately, in many cases the structure of the reactioni¢csneemains uncertain.

In a similar way to other articles on CSTR, this work useshargemodel where the
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chemical reactio’A — B is carried out and a cooling jacket is used. The process
variables are the reactant and product concentrations xA ameésyctively, the
reactor temperature T, and the cooling jacket temperature Tj. When formulain

mass and energy balances, the following equations are obtdifjed |

Xy = —k(T)xy + dp (xf" — x,) (1a)
xXg = —k(T)x, + d, (x§' — xp) (1b)
T = bk(T)x4 + y1(T; — T)+d,(T™ —T) (lc)

T, = y2(Ty = T)+d;(T™" = T) (1d)

Where the kinetic constant is expressed according to the Arrheniatosy

k(T) = kyexp (— If_T)

The superscript in indicates the input conditions, y1 and y2 indicate the heat
transfer parameters, b is the reaction enthalpy, and dr andttigadl@ution speed of
the reactant mixture and of the cooling medium, respectively.

The first term to the right of Eqg. (1c) in model (1) is the gdimraf heat by
reaction, the second term is due to the cooling / heating of the reactéure by the
cooling jacket, and the third Term is the total heat losdatlee flow of reactants and
the output of products. The heat that is removed througledotor wall is proportional
to the area of the wall and the difference in temperature between theresistare
and a cooling medium circulating through the jacket. In practhe heat extraction
process is regulated by manipulating the speed of the cdhlidgin many cases the
dynamics of the jacket is fast compared to the dynamics of the reactaheaefbre
the speed of the cooling fluid is linked to the temperatutieejacket. It is well known
that the exponential dependence of the reaction rate on the reemcpmrature is one
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of the main non-linearities of the CSTR. As a consequence obthéirrearity of the
reaction kinetics, the CSTR can display a great variety of dynamic behdkoons,

multiplicity of stationary states, sustained oscillatiof.[

These reactors are based on the different kinetic parameters thal depée
reaction on which it is going to be studied, and they cae&eions of order 0, 1, 2,

etc., as will be detailed below.
2.7 Reaction rate expressions

The speed or rate of a reaction corresponds to the speed with whichaatreac
(compound) disappears or the speed of formation of a product. Blmgibal
processes, the concept of the reaction rate is of interest bothrte tedikinetics of
consumption of the substrate by microorganisms, and to falew growth kinetics.
The numerical value of the reaction rate (r) is defined as the arifroas$, moles) of
material (reactant, compound) that reacts per unit volume and per unit time. Units «
are expressed, for example, in mg/L. h, as units of concentration overfumts.o

However, the mathematical definition of (r) does not correspotitetpopular
expression r=dC/dt which does not make sense, but only aston. The reaction
rate is a quantity that depends on the temperature and the ahoes. The
expression for r is essentially an algebraic expression invataingentrations and not
a differential equation. In reference to a reaction involving twotaets; the most

common function of dependence of the reaction rate on the concerstiatgoven by:
—7, = kCgCk

k: kinetic constant.

C: Concentrations of the reactants (A, B) in the reactor.

a, B: Constants.

The constants a, B, are designated by their order. The reaction given in the

example is of order a with respect to A, of order B with respect to B, etc. The global
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order of the reaction is given by the sum a + . The reaction is classified as an elemental
reaction when the orders a, B, etc., are exactly equal to the stoichiometric coefficients
a, b, etc.,45].

2.7.1 Zero order kinetics

Zero-order reactions are those that proceed with a rate indepesfddre

concentration of the reactants or (of the substrate).

If the kinetics is order O, the expression of the reaction rate is given by:

-1, =k
—15: [kg/m3.d]
k: [kg/m3.d]
2.7.2 Kinetics of order 1

First-order reactions are those that occur at a rate directly proportiohal to t
concentration of the limiting reagent (substrate). For such kinetics, phession of

the reaction rate is given by:

—1r, = kS = kS

—15: [kg/m3.d]

k: [d-1]

S: [kg/m3]

Most aerobic wastewater treatment processes are appropriately debgrided

kinetic relationship of order 1.
2.7.3 Kinetics of order 2

In second-order reactions, the limiting substrate (reactant) disap@aaeate

proportional to the square of its concentration. And it is written as
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-1, = kS?

—15: [kg/m3.d]
k: [m3/kg.d]
S: [kg/m3]

In addition, as already mentioned, there are types of simple aesctvith
complex speed laws, however these are more frequent in catalytiomsdot liquids
or gases. The same situation of complexity expressed iadhgon rate is found when
an overall reaction is one of the multiple typé5s] |

In this type of binder-type pitches, in addition to knowitige physical
characteristics and the amount of coking to be obtained, itasalsessary to know
the characteristics that are chemically related to the compositthis type of pitches

such as substances insoluble in toluding &nd quinoline insoluble substances)(Ql
2.8 Toluene insoluble substances (TI)

Toluene, as seen in Figure 12, is a chemical compound bejaiagine group
of aromatic hydrocarbons, its appearance is liquid at room temperatoressoand
insoluble in water. It is also known as methylbenzene andaits use is as a solvent
for organic substances, its industrial use is high becauseaitnon-carcinogenic
substance4g).

CHj

Figure 12 - Toluene, molecular structure

Specifically, in coal tar or in bituminous substances, subssaimsoluble in
toluene are highly desired for the production of bindinghyas with high coking values
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because they act as precursors of this substance, frequently gthentemperature

range of 360 to 430 °C achieving a formation of the mesophasatanthle formation

of coke as seen in Figui&[47].

First stage Second stage
|4 Thermal decomposition and catalytic cracking \L Mesophase and coke formation N|
R 'I‘
I VR Feedstock: 330°C VR 360°C VR 400°C VR 430°C VR 'l
e e
e, o
. s * e = ‘ . o
- ® 3 .
L] H ° & .
L] . - ® —_ e ® e 5 00 0 s —> .
o 5. B 0S
L] P L] . LR L . * ~
L e %
- \ /S  (O,N,S) —_— a0 - ’
Toluene soluble Rich in heteroatoms Fe1xS, NaCl, CaSOs: Gathering
MoS:, NiSx Polymerization
- TI matter - TI organic matter g Secondary polyaromatic compounds
® TIinorganic micelle ‘ TI sphere (mesophase) “ TI sphere coalescence H: Hydrogen free radical

Figure 13 - Schematic of the Tl evolution in CTVR (Coal Tar Vacuum Residue)

The content of insoluble in toluene is a parameter that is frdguesed to
determine the degree of polymerization achieved after treatments of precafs
carbon materials. Therefore, it is related to the molecular size ofotim@ounds
present, although other factors such as polarity may contributesarttestime.

It is frequently used for the measurement of possible selecteraations of the
different reinforcements in the characterization of pitches. Telugrsoluble
substances are intermediate molecular weight between quinwdivleble substances

and high boiling point oil§48].
2.9 Insoluble substances in Quinoline (QIl)

Quinoline is a colorless liquid with a strong odor. It iscataminant in some
dispersing agents for colorants. Chemically it is a hetefiscprganic compound
formed by the union of a nucleus derived from benzene and anotherc;pyrid
Furthermore, these compounds have an isomer called isoquintdibasic formula is
C9H7N and its structure is shown in Figare[49].
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Figure 14- Quinoline, chemical structure

QI materials consist of carbon, very high molecular weight materialsjrigrm
in the pitch and in the mesophase during heat treatment. The ttaticarof Tl and
QI is restricted due to their negative effects on the kinefieceesophase formation,
which results in a disruption of the graphitic structure during pitch ogéton Q).

Regarding the factors that affect the growth of the mesophase, SBavuk
Taylor, found a marked association betwég@mparticles and mesophase spheres during
the early stages of mesophase formation and they also founith fhiathes containing
abundan®QI patrticles, the mesophase spheres were more numerous and smaller 1
in those with less insoluble or even absent. They also notdQ particles
predominantly reside around the surface of any mesophase sphere g@nelskrat in
sufficient numbersQI particles inhibit the regular growth of spheres and their
coalescence [30

Because the carbon structure is inherent to the mesophase prebarngbysical
properties of the mesophase prepared carbons are significantlyecffiegt the
concentration and type of insolubles contained as shovwenmslically in Figurel5
[51].

oco /b P,
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Temperature rise >

Figure 15 - Pitch coking mechanism
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A distinctive characteristic of tar or bituminous substancespaoea to other
types of tar is the existence of very small dispersed satliicfes of approximately 1
um in diameter. These particles are called primary quinoline insdl@blsubstances
for the reason that they are insoluble in most solvents even as energeiimasequ

These substances are generated during the primary cracking prabatssse
place in the coking oven and are entrained by the gases to bpadnoe¢ the tar and
later of the pitch. Its composition is based mainly on cadomh oxygen and its is
highly influential on the physicochemical properties aregyrolysis behavior of the
pitches and their applicationsZ].

This type of substances insoluble in quinoli@é&) @re highly desired in a binder-
type area for the production of anodes, since they favor theingieffect in addition
to influencing the increase in carbon yield. These types of aules can also be
harmful when you want to give another type of use to th#h,psuch as for the
production of carbon fibers since they can cause morphologafattd due to the
fluidity of the pitch p2].

3 Experimental Methodology

The development of this part of the research is related ba#ie objectives that
have been defined above, including the determination of theretegant physical and
chemical properties in the process of obtaining a materiabdcaitch like product that
will serve as a binder for the carbon anode producing indtestse used in the Hall-
Héroult process to obtain metallic aluminum.

The resolution of this project is given by:

- Definition and resolution of a viscosity model based on é¢hgperature that
best suits the development of the process and the main chatasteristhe raw
material.

- Definition and resolution of a pressure model as a funcfieemperature that
allows determining the final pressure conditions conditidngdhe release of gases

from the raw materials.
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- Definition and resolution of a reaction kinetic model as raction of the
temperature that best adapts to the majority compounds of mattehearnype of
reactions they generate during their heat treatment.

- Definition and resolution of the intrinsic characterista¢she final product
such as the determination of the softening point, substars@sbie in toluene and
substances insoluble in quinoline.

- Resolution of the mathematical models with MATLAB R2019alitain the
specific results at the final conditions of the process, asasgelhe figures of their
variation as a function of temperature.

The definition-selection of each one of the mathematical modelsht®
calculation of the respective properties, will be carried out baiselde work of Safin,
et al., with the topic “Co-processing of bituminous coal with a mixture of coal tar anc
heavy Residues Petroleum Derivatives”, in which a binder was experimentally
synthesized using the following raw materials as compounds.

- Coal tar (CT): from the coking process provided by the AltaiKglant, they
were used as paste-forming solvents.

- Coking coal: grade 1GZh from Chadansky deposit - Ulug-Khem coal.basi

- Product derived from petroleum: raw material for the production of grade "A
black coal, produced by the Omsk refinery.

These raw materials were mixed in equal parts to obtain agh&skg in the
reactor under an inert atmosphere that is achieved with nitrogen gas.

Within the reactor, some options were evaluated to determine thesyrdkesis
conditions, which were later to be evaluated by measuring theiemieg softening
point, coke value, substances insoluble in toluene and lmendoenzo[a]pyrene
content, by analytical methods using equipment and measureznbniques such as
liquid chromatography or Fourier-transform infrared spectroscopy (FTIR).

The determination of the best synthesis conditions wesdoan the selection of
8 experiments in which the pressure, mass flow and temperature wadue changed

and combined. The temperature values to which the mixture Wwpectd correspond
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to 390, 420 and 450 °C, while the pressure values were givenbt AAd 16 atm. A

basic diagram of the experimentation process is shown in Figurelow.

Coal Tar
(Altai-Koks plant)
33,33% w/w N2

- ;
Mix Reactor Cooling and

Coking coal TR Solidification

(Ulugh-Khem Coal basin) i

33,33% w/w derived Pitch like Product
product
(Omsk Refinery)

33,33% w/w

Figure 16 - Diagram of the experimentation sequence

Additionally, the amounts obtained from the gas phase mggultom the
evaporation of volatile substances from the mixture duringitheess were measured.
This can be better observed through the experimental scheme o Erfgwhere all
the elements that intervene in the experimentation are repreéssmta as the nitrogen
tank useful to maintain an oxygen-free atmosphere (1), the mixing of the raw
materials (2) which is connected to the reactor with valvesatioav the exit of both
the product (4) as well as the volatile substances whichir@eet towards a cooler
where they are separated into two phases, the condensablghasil (3 ) and gases
that cannot be recovered or losses (5).

The value of these volatile condensable substances corresgoral@dlue of
5.5 to 22.2% wiw, while the non-condensable substancdssses$ of 6.8 to 14% w/w
respectively.

Figure 17 - Experimental scheme in obtaining the Pitch like product
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Based on these experiments, a resolution of the mathematicalsnvatidde
executed taking into account physical-chemical properties of campailnat most
closely resemble those of the raw materials used, so that wahig can serve as a

point of comparison in the determination and in the analysis of thestesult

3.1 Definition and resolution of a viscosity model as a functionfo

temperature

The kinematic and dynamic viscosity values were evaluatedt&inad useful
characteristic for the handling and transport of the final proéactthe calculation of
the kinematic viscosity, three mathematical models were used, whicretmited
below:

- Model of Moharam et al.
Whose equation as a function of temperature corresponds to:
_ Ty
In[v(10-6)] = A exp [(7) (SG)B] +C
Where:
v: Kinematic viscosity
T,: boiling point
SG: Specific Gravity

While the values A, B and C represent constant, empirical values,

characteristic of this model, their value is given by the followingessions:

A =1.0185
Ty

B= 305.078

C =—3.2421

- Mehrotra model [46]
It is represented by the following equation:
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loglog[v(107%) + 0.8] = a; + a, log(T)

Again, the values oti; and a, represent empirical values, represented as

follows:

a, = 5.489 + 0.148(T,)"5
a, = —3.7

WhereT), is equivalent to the boiling point value of the mix.
- Aboul-Seoud and Moharam model

For this equation, the previous models are taken as a basisavalight
correction in the constant, which will now also be influenced by specific gravity, as

will be seen below:

Inln[v(107%) + 0.8] = a; + a, In(T)
a, = 4.3414(T,SG6)*? + 6.6913

az = _3.7

The three models defined above can act in a wide range of temperatur
specifically from 323 to 823 K and were evaluated in thekwdrTovar, et al., where
very good results were achieved, reaching up to 2.54%. errbrrespect to the
experimental results.

The models for the calculation of dynamic viscosity correggorthe models in
which the lowest percentage of error was obtained in the eaoried out by Bahadori,
et al., in which he analyzes 8 experimental calculation models\@rdproposes his

own model with its own parameters:
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- Hossain Model

U= 10(—0.71523*API+22.13766)T(0.269024*AP1—8.26)

- Bahadori-Mahmoudi-Nouri model

c d

in(n) = a+ 51 T capnz T wcarn?

Where:
a, b, c: Correlating parameter in the viscosity correlation

CAPI. Correlating parameter defined by the following relation

CAPI =
API (Ar + Re + As)

Sa: Saturated hydrocarbons

Ar: Aromatic hydrocarbons

Re: Resins

As: Asphaltenes

The values are given in mass fraction.
- Cornelissen-Waterman Model

This equation has been widely used for the determinationgbiyhviscous
substances originally used for the determination of viscositiieavy petroleum
products, however its use has been extended to other substances with similar beh:

such as coal tar. Its Equation is defined B§]:[
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logn = AT >+ B
The units used in this equation correspond to the alesshate in kelvins for
temperature and in centipoises for the viscosity value.
The values of A and B are empirical constant values that depenithe
temperature range in which the process is carried out, the authors give aifalgg n
of values of these constants for the most approximate deteronitdtihe viscosity of

the mixture.

3.2 Definition and resolution of a vapor pressure model as a function of
temperature

As previously detailed, despite the fact that they are higklyous substances
with high heavy components whose boiling point corredpdn temperatures above
600 ° C, these substances also have volatile compounds thabwifibute to the
increase in pressure within the reactor. One of the substantesdbiaaffects the
increase in this property corresponds to the petroleum-depreghiict, it has volatile
substances that are detachable at the temperatures under whidtdss occurdHf.

For the evaluation of this property, there are not many modatsctn be
coupled to the type of raw materials with which we are workinghis project,
however, there are two important relationships that are widelyamkthat according
to their authors have produced results that are very similar ttisrésat can be

obtained when conducting experiments on either a laboratory orriatlastle.

Riazi model

T, — 41\ /1393 — T
l0g10(1x10°P,,,) = 3,2041 [1 _ 0,998( ) ( )]

T—41/\1393 - T,

This equation is suitable for bituminous substances inrgeneut produces
more accurate results with high-boiling-point oil fractions ihput variables
correspond only to the boiling point temperature and the tempegedtwhich you want

to calculate the vapor pressuss|
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- Fletcher model

It is based on the Clapeyron-Clausius equation determinedfasciion of

temperature, and is given by the following expressdi

P=aXexp (M)
T

Where:

P = [atm]

T=[K]

M = Average molecular weight, value in the range 190 to 450

o = 87060

=299

y=10.59

This last model is more related to the vapor pressure emitteabistances such

as coal tar or products with similar characteristics.

3.3 Definition and resolution of a reaction kinetic model as a function of

temperature

By increasing the temperature of bituminous compounds as reag@labove, a
series of thermal cracking reactions take place, reactions in whiehisdarmed.
Although these compounds exist, they are made up of hundrdu=oical substances,
the molecular groups that affect almost all of their formatmmespond to groups of
olefins, dienes and aromatics. Therefore, the equations to be smiwegiven in
reference to the amount of these compounds in our raw materials, asiag
mathematical model the one developed in the work of Towfighi [50].

- Towfighi, et al., model

The determination of the equations that govern the formatiorolkd avere
obtained from the reaction mechanism and Kkinetics, taking intouatccine

aforementioned compounds, obtaining the following relatiosship
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_E1
Rotefin = k01e( RT)(kC2H4 * Ce,m, + Keyn, * CC3H6)

(-=5)
Rgiene = koze\ RT CC4H6

_E3
Raromatic = k03e( RT) (kCBHB * CCTHT + kCXHX * CCSHS)

R; corresponds to the final value of the coke that will depenti® temperature
value. The author of these equations mentions that the codpdeing part of the
same group have the same activation energy, so it can be takerpastant of the
process which is provided by obtaining its value from expantal data, in the same
way with the determination of the kinetic constant that eahdition the amount of

coke to be obtained. The value of these constants is shown inZlable

Table 2 - Kinetic parameters of coking model

Group . Kg coke E R
e (o)’ L] )
m? mol mol * K
Olefins 7.8589x10"8 7.4164x10M
Butadiene 2.099x10712 1,6240x10" 8,3143
Aromatics 4,1865x10"8 2.9977x10M

3.4 Definition and resolution of the intrinsic characteristics of the final
product

These characteristics will correspond to the values of thensoft point,
substances insoluble in toluene and substances itesolabquinoline, whose

mathematical relationships will be explained separately:
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3.4.1 Softening Point (Sw)

The determination of this value is related to the characterisficeach
compound, among which is considered the boiling point tempetathemical
composition, among others. This value, in addition to d@hle to be measured
experimentally with the ball and ring test, as explained pusly with the ASTMD
36-95 standard, can also be determined indirectly with reseitg similar to the
experimental ones, taking into account the characteristicsingbd.determination of
the viscosity of Cornelissen & Waterman that proposes an eguigvolving its

empirical constants A and, Bs shown below:

A =(0.3585,, + 4,82) x 1012

The value of the softening point (Sw) will be given in degrees centigrade.
3.4.2 Substances insoluble in toluene (TI)

This value, which is usually determined by experimental measurementdsethc
such as the use of gas chromatography, however can also be dedternyi
approximate means based on the constants previously definduke imvdrk of

Cornelissen & Waterman.

B =10,019171-0,318

Another model that can estimate the value of this type @tanbes corresponds
to that of the work carried out by Shoko, et al., [51].
- Shoko, et al., model

Tl = —40051,28 + (0,56 x CV) + (0,07 * FC) — (2,4 * moisture) + (10,63
* ash) + (400,53 = C) + (393,74 * H) + (439,21 * N) + (348,39
*S) + (399,19 x 0)
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Where C, H, N, S, O correspond to the corresponding amount ofngarbc

hydrogen, nitrogen, sulfur, oxygen found in the final product:
CV: Coking value
FC: Fixed carbon
3.4.3 Substances insoluble in Quinoline (QIl)

Its determination can also be obtained based on the workabbSht al., In
which, in addition to the characteristic chemical propertiesytlue of the softening
point (SP) and the content of volatile substances (vol) are taleeoansideration. as

expressed below.

QI =161,71 - (0,12 * SP) + (0,40 * CV) — (3,10 = FC) — (11,42 = ash)
— (3,04 *xvol) + (1,70 x C) — (15,93 * N) + (3,00 x O)

For the resolution of all mathematical models, MATLAB R2019a has bee
proposed as software for calculating and simulating the different variabi@ved in

the process up to a maximum temperature of 420 C.
3.5 Resolution of mathematical models with MATLAB R2019a

The use of this software has been preferred because over time MARAAB
evolved into a basic instructional material, both for appiredhematics courses and
for very advanced courses in other areas. In industrial settirgased for research
and solving practical problems and engineering calculationscdlygpplications of
MATLAB are numerical calculus, algorithms, problem solving withatrix
formulation, statistics, optimization, and so on many other @gpns in the context
of mathematics, and how not to highlight the MATLAB Softwhmethe application
in the study, simulation and design of dynamic and control systems.

MATLAB (Matrix Laboratory) is a high-level language, designedotovide
facilities for numerical calculations, visualization and programming in aeasyto-
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use environment. MATLAB offers a very versatile integrated devent

environment (IDE) with its own programming language (M lagg)aProvides an
interface with 64 command lines to solve linear and nonlinedgrs, as well as
other experiments in numerical form. Use simple mathematical notativeat and

solve problems. Its power lies in the efficient handling of imedr it also includes its
own compiler which allows to extend its use allowing tlseruo create their own
commands, classes and functions.

MATLAB's capabilities can be extended with toolboxes. Thus, for gl@am
toolboxes for Mathematics and Optimization, Statistics and Baddysis, Design of
control and analysis systems, Sighal and communications pirggedsnage
processing, Tests and measurements, Computational biologyjciAlrtiNeural
Networks, Modeling can be used. and financial analysis, degweint of applications
or reports and connection to databases, which facilitates thedtdgigamic systems
and their regulation. It is compatible with one of the mostduprogramming
languages: C and Fortran, as well as easy compatibility Mithosoft Excel where
the results can be directly exported for a better presentatibdesngn types, makin
it a very versatile program in its u$g7]. A screenshot of the workspace and its

components is shown in Figure 18.

Menubar

Help Current Working Directory
/ Toolbar
4 A1ATLAB 8.0 (R2009) | =1 ol |
File * Edit) View Debug Parallel Desktop Window Help
9 | & rf ) | @ | currentDirectory:| C\Users\ohn\Documents\MATLAB  ~ | &)
: Shortcuts (2] How to Add (2] What's New
| Bl | Command Window 0 2 X || Warkspace FULE X
« MATLAB v | S~ @ New to MATLAB? Watch this Video, see Demos, or read Getting Started. X 8] [if %] & % | [ -
Dl Nemeia | DateModiied | |5 >> B || s M N
Current Workspace
Djrectory ( Variable List )
Contents ) =
[ Command Window Command Histary wQOoaox
Details v oy e e e NS
5 12 PM --3%
File Details
Select a file to view details Command History
[# Start | Ready \
\ Function Catalog

Getting Started ( Start here )

Figure 18 - MATLAB work environment
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4 Results

The results will follow the order set out in the metHodyg. In which the values
obtained through the MATLAB R2019a programming code presentadpandices
A, B, C and D will consist, in addition to the results of figaeires during the analysis
range.

For the subsequent analysis of results, all the values eggrass$his section
will correspond to the results obtained with the propeiethe sample under which
the best results were obtained during experimentation. Thagtig)gsthe analysis
range with initial conditions of pressure and temperature ahlat 25 °C to the edge

or final conditions of 16 atm and 420 °C.
4.1 Viscosity as a function of Temperature

The results obtained correspond to the resolution of theelisgsen-Waterman
model, for reasons that are explained later in the discussionuitsyesbtaining the

values tabulated in Table 3.

Table 3 - Viscosity values at different temperatures of the pitch like product

Temperature [°C] Viscosity [Poises]
25 -4,2508e+04
40 2,4406e+05
80 5,0524e+03
120 484243
160 2,6766
200 0,8049
240 0,0973
280 0,0376

320 0,0013

360 3,1055e04
400 7,9188e05
420 3,5146e05
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Representing these values in a Viscosity vs Temperature grapfolldwing

trend is obtained, shown in Figure 19,
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Figure 19 - Viscosity vs Temperature of the pitch like product

4.2 Total pressure of the reactor as a function of temperature

The values of the total pressure inside the reactor are presenteteid Tathich
IS given by the sum of the partial pressures of the petrotiarived product and the

coal tar, obtained under the Riazi and Fletcher models respectively.

Table 4- Total pressure values at different temperatures

Temperature [°C] P (atm)
25 -2,79
40 -2,05
80 -0,11
120 1,84
160 3,79
200 5,73
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Continuation of Table 4

Temperature [°C] P (atm)
240 7,68
280 9,63
320 11,57
360 13,52
400 15,47
420 16,44

In order to better observe the effect of each component at teszslyve, the trend
of its values is represented in Figures 20 and 21.

N
o

~
o

3
8
=]
-
©
f
é’.
()]
[

o P vs Temp

2,00 p (atm) 3,00

Figure 20- Petroleum derived product Pressure vs Pitch like product Temperature
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Figure 21- Coal Tar Pressure vs Pitch like product Temperature

51



Obtaining in Figure 22 the total pressure trend as a funofidhe increase in
temperature as the contribution of both partial pressures.
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Figure 22 - Total Pressure vs Pitch like product Temperature

4.3 Coke formation as a function of temperature

The formation of the coke or carbon in suspension, is giyethd sum of the
values contained in the coal tar, coking coal and that formoed the petroleum
derived product, obtaining, in Table 5, the following resuitpercentage by weight
with Regarding the final product, pitch like product.

Table 5 - Coke formation values at a defined temperature

T [(°C] Coke value [%]
25 44,1652
40 44,4971
80 45,3099
120 46,0354
160 46,6906
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Continuation of Table 5

200 47,2878
240 47,8365
280 48,3441
320 48,8161
360 49,2574
400 49,6716
420 49,8696

The values that correspond to this table are represented in Figure 23.
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Figure 23 - Total coke formation in the pitch like product vs Temperature

While the coke formation values from the dienes, aromatics afidfroups

of the mixture are represented respectively in Figures 24, 25, 26.
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Figure 24 - Coke formation from dienes vs Temperature
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Figure 25 - Coke formation from aromatics vs Temperature
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Figure 26 - Coke formation from olefins vs Temperature
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4.4 Determination of the Softening Point

The value of the softening point of the final product, pilite product,
corresponds to 114.1899 °C. This value is not related to thetatape range in which
the process was carried out, so it is defined as an imtcharacteristic of the product.
This value was calculated based on the methodology througteration of the

constant B.
45 Determination of substances insoluble in toluene (TI)

The value of the substances insoluble in toluene calculetiag this model
corresponds to 31,6021% using the Cornelissen & Waterman rvghi. using the
model of Shoko, et al., The result obtained was 29,3912%qgtakin account the
elemental chemical composition and the amount of moisture, @ghgovalue, fixed

carbon estimated in the final product.
4.6 Determination of substances insoluble in quinoline (QI)

The value of quinoline insoluble substances calculatedgusiis model
corresponds to 6,5187 %. This was carried out followirgprameters made in the
calculation of substances insoluble in toluene, in whicladdition to the elemental

chemical composition, the softening point and volatile matteeegaltere considered.
4.7 Schematic representation of the process

This basic representation includes from the entrance of the rawialsaterthe
mixer to the exit of the product and the gases generated dlieipgocess to the cooler.

Its representation has been made with the use of AutoCAD $eitinare in 2D
and 3D corresponding to Figures 27 and 28Wel
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Figure 27 - Scheme of the process in the production of the pitch like product, AutoCAD Plant 2l

Product

" Coking coal

Conveyor belt

Grinder

| Coal Tar

Figure 28 - Scheme of the process in the production of the pitch like product, AutoCAD Plant 3l
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5 Discussion of Results

The discussion of the results is based on the analydie @fpplicability of the
results. This is done by comparing the data obtained isittidation with the results
obtained through experimentation in the laboratory, which has tetafed in the
methodology. In addition to the use of complementary dataireat from
bibliographic sources for a broader comparison in the validation of thesis.resul

The results that have been shown in this work correspdgdamtinose obtained
by the models that best adapted to the raw materials #éskegierence, chosen due to
the great similarity with the raw materials that were usedenabrk of Safin, et al.
The models that did not adapt to these conditions werededtfor a better practicality

of this investigation.
5.1 Analysis of the change in viscosity as a function of temperature

Regarding the determination of the viscosity, it has been preferpgdsent the
results of the dynamic viscosity above the kinematic viscosiiyesin addition to
resulting in more precise values according to experimental referencthagpapperty
is closely related to the nature of the substance and isyhiggendent on the
temperature at which the process is carried out.

The Bahadori-Mahmoudi-Nouri model allowed to obtain vidggogalues close
to those obtained in bibliographic data due to a very gopgstatent of parameters
that are carried out in obtaining this equation in whiny teliminate the dependence
of this variable with respect to pressure obtaining an equapendent only on
parameters that can be determined in a typical characterizationsafabilas through
SARA analysis, however the resolution of this equation ig limited to calculating
viscosity values corresponding to a temperature below ThéQ,/higher temperature
values result in wrong viscosity values that do notespond to this type of compound,
thus being applicable only up to the preheating prodebe saw materials just before
being sent to the reactor, so it does not correspond to abkcatodel for the entire

synthesis process or at least for the vast majority.
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The Hossain model turned out to be a very good option kulesing viscosity,
especially for temperature values above the range used in the pr&abadori-
Mahmoudi-Nouri model, resulting in increasingly precise viggosalues. by
increasing the temperature of the mixture compared to experimentasval the
literature and also with the advantage of requiring only tAevalue of the mixture.
However, in the presentation of the results, those obtdmedgh the resolution of the
Cornelissen-Waterman model were preferred for two important reasendirdt
because when using this model there was less disperdioa Wiscosity value in the
temperature range under which its determination is consideredadeand second,
that this model is closely related to the calculation ofdb#ening point and the
substances insoluble in toluene that were subsequentlylatald. This relationship
occurs due to an excellent determination of the constantsl B avhich, in addition
to being influenced by the characteristics inherent to the mjxargely depend on the
temperature range in which the operation is carried out.

The behavior of its trend in the Viscosity vs Pitch Tempegaturve as a
product of Figure 19 is expected for this variable, obtaiaidgcrease in its logarithmic
value as the process temperature increases. This result is monet endemore
practical when observing the results of Table 3 in which a&ilowlue of viscosity
corresponds to a higher temperature value, due to the cracking proitedsase
generated, breaking the molecular bonds of the higher moleculeth, leagsing a
greater fluidity of the mixture. For this calculation of thecesty, temperature values
of up to 300 °C are recommended, although mathematically acceptéls aige
obtained up to even temperatures of 400 °C, these would noseaptee mixture
since its characterization by the formation of gas is extreowehplex. caused by the
most volatile substances in the mixture.

Similarly, observing the data in Table 3, the viscosity vabreesponding to a
temperature of 25 C is negative, which is not a valid resaltesat this temperature

the pitch like product is considered as a solid material.
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These viscosity values, having a wide margin of error, eveweeet
experimental results, were compared with results obtained from bdglog sources
such as in the work of Woodrow, et al., In which it presgigsosity values versus
temperature for a modified carbon binder material. Obtaining, aatbe of 40 °C, an
interval of values between 10"5 and 1076 Poises, so the wv&l@eddx1075 fits

perfectly within the characteristic range for this type of binders.
5.2 Analysis of pressure change as a function of temperature

With respect to the total pressure that would be obtainetl reatthing the
process temperature, 420 °C, and according to the results ohtaiRegire 22, an
adequate tendency of the pressure increase can be seen when the ussmedca
increases, due to greater evaporation of its components astafésealincrease in its
kinetic energy. Its value is made up of the contribution efgthrtial pressures of the
Petroleum derived product and Coal tar, neglecting the valaamettfrom the coking
coal due to its negligible contribution.

Figure 22 also shows that there is a relatively accelerated pressure ingrease
the corresponding initial temperature range up to an appraxivaitie of 130 °C,
which is related to the evaporation of water as a result of hiynadd the lighter
components of the respective raw materials, being more evident Reth@leum
derived product represented in Fig@@ compared to the behavior of the curve in
Figure21 corresponding to Coal tar, with a much more linear and slowaser@ue to
its high content of substances. heavy, low volatility.

With respect to the results shown in Table 4, negative pressiues are
observed at temperature values of 40 and 80 °C, the practicataxmheof which lies
in the fact that there is no pressure contribution from the rawriaist due to the
absence of evaporation in this temperature range.

When analyzing the representativeness of the results, these arteddased
on those obtained in the experimental work of Safin, et al., \therreactor is kept at
a temperature of 16 atm at a temperature of 420 °C controlled ddye that allows
the escape of gases, while inferring higher pressures that arataegepresented by
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the model proposed in this work, with a value of 16 i, aquivalent to 2,75% above

that required by the process at the temperature of@20 °
5.3 Analysis of coke formation as a function of temperature

For the determination of the amount of coke formed (microcarbon),dpesed
model adequately represented the process in comparison \pighiregntal results,
obtaining a final amount of 487 % with respect to the 49,5 % of the experimental
one, a value higher by T % thanit can be attributed to a possible not so exact
measurement during the experimental characterization, however theke ttern out
to be identical for practical purposes.

To evaluate the formation of coke, this would correspond foeti&s of order
1 due to the superscript used in the equations of the glowgt al. Model, which
greatly simplifies its study by considering groups of regctompounds instead of
individual compounds separately.

Table 5 shows that the formation of coke, during the temperedmge of 200
to 420 °C is equivalent to a total value of 2,58%, wirsch predicted value for both
this temperature range and for the composition of the Petroletiwed product used,
since the processes in which high amounts of coke formatioagueed are generally
carried out at temperatures above 500 °C, as is the case of the Del&yegpCacess
that uses an average temperature of 560 °C. This coke valise iseneficial for the
quality of the pitch like product, since a high content of colleaffect the mechanical
characteristics of the anodes in their subsequent production.

It was assumed for this case that there is a negligible fmmatfi coke from
coal tar and coking coal since their coking temperatures are aboveC/ so their
values are added to the final percentage by means of a balance afsnizs® is no

change during the process.
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5.4 Analysis of the softening point parameters, substances insoluble in

toluene (Tl) and substances insoluble in quinoline (QI)

Regarding the determination of the softening point, a value 4f92C was
obtained as a result, which falls within the recommendederarighis variable,
between 100 and 120 °C. It would be recommended as a continabtioa work to
evaluate the heating effect of the mixture. to obtain the findumtasince, for example,
by slowly increasing the temperature of the mixture, it can moreegftigiget rid of
the more volatile compounds that have softening characteristitt®e i product, so
longer heating times could lead to obtaining a binder witightly higher softening
point value. High softening point values (preferably not gretlian 140 C) are
preferred in the industry as they are related to a better behavior dgahgeatment,
corresponding to high conductivity values, as well as liglow resistivity values that
are very convenient for the subsequent process. of electrolystscb the cathodes
made with this type of binder will be subjected.

In the calculation of substances insoluble in toluene (ThH, tho models
presented gave values that resemble experimental results] ®héh& experimental
result corresponds to a value in the range of 26,9 to 41,1%,withl¢he application
of the Cornelissen & Waterman model, a result of 31,6% and a #Bl839% were
obtained when using the model of Shoko, et al., with a differeh2¢21% between
them, relatively high values that are considered of good qualittyel production of
anodes since these are the ones that provide a high bindawtgdetween the carbon
particles. The same concept is applicable for quinoline ubs®lsubstances, which
obtained a value of 6,52% within the range of 5 to 10% ddataby this type of

binders.
CONCLUSION

It was possible to simulate with the use of MATLAB R2019a a reptasion
of the most important physical-chemical properties, suchsassity, pressure, coke

formation, softening point and substances insoluble uret@ and quinoline, whose
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range of values coincide with those that can be obtained expéalimeor from
tabulated data in bibliographic information sources.

A highly versatile ".m" file code was obtained, being able to achieve n
characterizations of pitches, with a high degree of reliabilitih wmly the change of
the value of the characteristic variables of their raw materialfiisnmay, the best
conditions of the process can be designed to obtain a preithcthe best possible
quality.

It was possible to represent the viscosity equation, frometnpdrature of 40
°C with a value of 2,44x10"5 Poises to 300 °C above whglapplication is not
recommended due to the interference produced by the changes of state.

A final pressure equivalent to 16,44 atm was obtained ethpdrature of 420
°C, in which the partial pressure of the petroleum derived praduttte one that
contributes the most to the total pressure compared to ndhaoal tar can contribute
as it is made up of less volatile components.

A total coke content of 487 % was obtained, which is conditioned by the
kinetic constants of the reactions, but which is representative ofple®t pitches.

It was possible to determine indirect values inherent to theupt with high
precision, such as; the softening point with a temperatuddd4f19 °C, substances

insoluble in toluene (31,6 %) and substances insoluble in quen@i52 %).
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APPENDIX A

Code in“m” language from MATLAB software for the calculation of viscosity

as a function of temperature

%% Viscosity vs Temperature
%define constants

A=[11.77 12.28 16.16 17.38 22.55 23.01 24.49 26.03 27 29.07 338.62...
34.7 35.58 35.87 37.24 37.78 39.89];
Al1=A*10"12;

% B=[-0.762 0.395 0.597 -2.117 -2.557 2.595 -2.339 0.872 -0.14F1-1.8
% 0.52-1.911-0.2 0.185 -0.899 0.715 5.693 4.386];

B=[-5.693el -4.386e1l -2.595e1l -2.557el -2.339%e1 -2.11 &1l -1.871..
-0.899 -0.872 -0.762 -0.715 -0.597 -0.52 -0.395 -0.2 $-08145];
B1=-B/10;

Temprangel=[0 130; 5 135; 30 120; 5 120; 25 150; 30 158; 25L06180;...
35 180; 55 178; 45 195; 45 199; 40 200; 45 200; 55 200; 140.224;
90 224; 130 245];
%Temprangel is in A°C
Temprange=Temprangel+273.¥glefine Temp in K
Timp=zeros(1,18);

%define Tavg for each constant
for i=1:18
Timp(i)=((Temprange(i,2)-Temprange(i,1))/2)+ Temprange(i,1);
end
Timp(1,4)=350.65; Timp(1,7)=367.65; Timp(1,13)=395.15; Timp(}54%8.15;
Timpprime=Timp";
Timpprimecelcius=Timpprime-273.15;
Alprime=Al’
Blprime=B1'

%define viscosity equation
% log(n)=AT"-5 + B
n=10.~((Alprime.*Timpprime.”*-5)+BlprimeYodefine viscosity vector, viscosity in
cP
nlog=log10(n);

% plot(nlog, Timpprime)
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% export data as spreadsheet in excel
% filename = 'Results1.xlsx’;
% writematrix(n,flename,'Sheet','Visc vs Temp','/Range’,'B3:B20") %shows viscosit
values
% writematrix(Timpprimecelcius,filename,'Sheet','Visc vs Temp','/Range’,'C3:C20")?
shows Temperature values
% writematrix(Timpprime,filename,'Sheet','Visc vs Temp','Range’,'D3:D020")% show
Temperature values
% writematrix(nlog,filename,'Sheet','Visc vs Temp','Range’,'E3:E20")% shows
viscosity values logarithmic
%Determine a range of temperatures
Tmin=20;
Tmax=420;
Tstep=10;
Trange(1,1)=Tmin;
for i=1:round(((Tmax-Tmin)/Tstep)+1)-1
Trange(i+1,1)=Tmin+Tstep*i;
end
Trangek=Trange+273.15;

Tvisc=400+273.19pTemp in K

%viscosity in relation of temperature

symsvisc

Visc_log=solve(Tvisc == 3.6608*visc"2 - 54.187*visc + 543.12,visc);
Visc_result=(10."Visc_log)/100% visc in Poise

% Visc_result=10.4(.00013658*(54187-2.2361*(2928640.*Teang
1003356763).7.5))/100;

% Visc=10.7(.00013658*(2.2361*(2928640.*Trange-1003356763%".5
54187))/100;

% visc=exp(-(10*(50.*Trange-23551))/4157);
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APPENDIX B

Code in“m” language from MATLAB software for the calculation of pressure

as a function of temperature

%% Pressure vs Temperature
%define constants
Th=780;%K

% alfa=87060;

alfa=8.706;

beta=29.9;

gamma=.59;

M=300; %range 190-450
Twork=420+273.15%K

%vapor pressure of petroleum derived product (Pa)
Pvl=(10.2(3.2041.%(1-.998.*(((Th-41)./(Timp-41)).*((1393-Timp)./(1393-
Th))))))./1ed1;

%vapor pressure of petroleum derived product (atm)
Pvapl=(Pv1/101325fpatm

%vapor pressure of coal tar
Pvap2=(alfa*exp((-beta*M*gamma)./Timp)¥ysatm

Ptot=Pvapl+Pvap2;

% export data as spreadsheet in excel
% filename = 'Results1.xIsx’;
% writematrix(Pvapl,filename,'Sheet','Pressure vs Temp','Range’,'B3:B20") %show
Pvap of PDP values
% writematrix(Pvap2,filename,'Sheet','Pressure vs Temp','Range’,'C3:C20") %shov
Pvap of coar tal values
% writematrix(Ptot,filename,'Sheet','Pressure vs Temp','Range’,'D3:D20") %shows
total Pv
% writematrix(Timpprime,filename,'Sheet','Pressure vs Temp','Range’,'E3:E20")%
shows Temperature values
%function

Pv_PDP=(Trangek-372.97)/23.095;

Pv_coaltar=(Trangek-213.62)/185.96;
Ptotal=Pv_PDP+Pv_coaltaryTotal pressure with temp range
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APPENDIX C
Code in“m” language from MATLAB software for calculating coke formation

as a function of temperature

%% Coke value vs Temp
%define constants
mass=33.33%kg/h
k1=7.8589*10"8%olefine
k2=2.099*10"12%butadiene
k3=4.1865*10"8%aromatics
E1=7.4164*10"4;

% E2=1.624*10"5;
E2=1.624*10"4.885;
E3=2.9977*10"4;
R=8.3143;
Farom=0.0329;
Fdiene=0.027;
Folefin=0.0695;
Molefin=0.511;
Mdiene=0.05;
Marom=0.40;

% kolef=6.71€5;

% karom=4.6663;
kolef=5.01e4;
karom=8.1€9;

% Rolefin=k1*exp(-E1l./(R.*Timpprimecelcius))*Molefin*mass*kolef;
% Rdiene=k2*exp(-E2./(R.*Timpprimecelcius))*Mdiene*mass;
% Rarom=k3*exp(-E3./(R.*Timpprimecelcius))*Marom*mass*karom;

% %kinetic of reaction

%equations for matching temperatures
Tolefin=-E1/(R*log(Folefin*mass/(k1*Molefin*mass*kolef)));
Tdiene=-E2/(R*log(Fdiene*mass/(k2*Mdiene*mass)));
Tarom=-E3/(R*log(Farom*mass/(k3*Marom*mass*karom)));

%fraction in mass
Rolefin=k1*exp(-E1./(R*Timpprime))*Molefin*mass*kolefyochek kolef
Rdiene=k2*exp(-E2./(R*Timpprime))*Mdiene*mas¥jcheck E2
Rarom=k3*exp(-E3./(R*Timpprime))*Marom*mass*karotiocheck karom

% export data as spreadsheet in excel
% filename = 'Results1.xlsx’
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% writematrix(Rolefin,flename,'Sheet','Coke value vs Temp','Range’,'B3:B20")
%shows Pvap of PDP values

% writematrix(Rdiene,filename,'Sheet’,'Coke value vs Temp','Range’,'C3:C20")
%shows Pvap of PDP values

% writematrix(Rarom,filename,'Sheet’,'Coke value vs Temp','Range’,'D3:D20")

% writematrix(Timpprimecelcius,filename,'Sheet’,'Coke value vs
Temp','Range’,'F3:F20")% shows Temperature values

% writematrix(Timpprime,filename,'Sheet','Coke value vs Temp','Range’,'E3:E20")?
shows Temperature values

%reaction with temp

Pdpmass=33.33;kh/h

Cokingcole=0.8*Pdpmass;

coaltar=0.567*Pdpmass;

Treaction=280+273.1% Temp in K

symsRmass

R_olef=solve(Treaction == 370.33*exp(9.2158*Rmass),Rmass);
R_diene=solve(Treaction == 372.43*exp(21.31*Rmass),Rmass);
R_arom=solve(Treaction == 352.54*exp(21.083*Rmass),Rmass

Coke_total=(R_olef+R_diene+R_arom)*Pdpmass+Cokingcole+coaltar;
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APPENDIX D

Code in“m” language from MATLAB software for the calculation of the
intrinsic characteristics of the final product such as the determination of the
softening point, substances insoluble in toluene and substances insoluble in

guinoline.
d1. Determination of the softening point

%% Softening point

Asp=4.57e14%C aprox=[457036000000000] 4.57e14
% Swl=zeros(18,1);

% Sw1(1,1)=10;

% for n=1:17

% Swil(n+1)=Swl(1,1)+Swi(n);

% end

% Asp=(0.358*Sw+4.82)*10e12;

%look at workspace for constant value
Sw=((Asp/10e12)-4.82)/.358;

d2. Determination of the substances insoluble in toluene (TI)

Using the Cornelissen & Waterman model

%% Insoluble toluene sust

B=0.2856%calcualted from ref. data

% l1=zeros(18,1);

% 11(1,1)=5;

% for n=1:17

% 11(n+1)=11(1,1)+I1(n);

% end

Bprime=([-0.762 0.395 0.597 -2.117 -2.557 2.595 -2.339 0.8225 -1.871..
0.52-1.911 -0.2 0.185 -0.899 0.715 5.693 4.386])’;

% B=.0191*|-.318;

%look at workspace for constant value
I=(B +.318)/.0191;

Using the model of Shoko, et al.
%INPUT- Insoluble substances in toluene

CV=49.8696;
FC=79.63,;
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ash=0.17;
C=91.1;

N=1.4;
0=1.65;
moisture=1.66;
H=5.5;

S=.35;

TI= -40051.28+(0.56*CV)+(0.07*FC)-
(2.4*moisture)+(10.63*ash)+(400.53*C)+(393.74*H)+(439.21*N)+(348) +(399
.19*0);

The value of substances insoluble in toluene calculatedy ukis model
corresponds to 29.3912 %.

d3. Determination of the substances insoluble in quinoline (QIl)

%INPUT- Insoluble substances in quinoline
SP=114.1899;

CV=49.8696;

FC=79.63;

ash=0.17;

vol=16.5;

C=91.1;

N=1.4;

0=1.65;

H=5.5;

QI=161.71-(0.12*SP)+(0.40*CV)-(3.10*FC)-(11.42*ash)-(3.04*vol):{0*C)-
(15.93*N)+(3.00%0);
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