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Refinery and Petrochemical Processes

1.1 Introduction

The combination of high demand for electric cars and higher automobile engine effi-
ciency in the future will mean less conversion of petroleum into fuels. However, the
demand for petrochemicals is forecast to rise due to the increase in world popula-
tion. With this, it is expected that modern and more innovative technologies will be
developed to serve the growth of the petrochemical market.

In a refinery process, petroleum is converted into petroleum intermediate prod-
ucts, including gases, light/heavy naphtha, kerosene, diesel, light gas oil, heavy gas
oil, and residue. From these intermediate refinery product streams, several fuels
such as fuel gas, liquefied petroleum gas, gasoline, jet fuel, kerosene, auto diesel, and
other heavy products such as lubricants, bunker oil, asphalt, and coke are obtained.
In addition, these petroleum intermediates can be further processed and separated
into products for petrochemical applications.

In this chapter, petroleum will be introduced first. Petrochemicals will be intro-
duced in the second part of the chapter. Petrochemicals - the main subject of this
book - will address three major areas, (i) the production of the seven cornerstone
petrochemicals: methane and synthesis gas, ethylene, propylene, butene, benzene,
toluene, and xylenes; (ii) the uses of the seven cornerstone petrochemicals, and (iii)
the technology to separate petrochemicals into individual components.

1.2 Petroleum

Petroleum is derived from the Latin words “petra” and “oleum,” which means “rock”
and “oil,” respectively. Petroleum also is known as crude oil or fossil fuel. It is a
thick, flammable, yellow-to-black mixture of gaseous, liquid, and solid hydrocarbons
formed from the remains of plants and animals. Over millions of years, this organic
mixture of plants and animals was subjected to enormous pressure and heat as layers
of earth further buried them over time. The organic mixture changed chemically and
broke down into hydrocarbons. Because of the time it takes to form petroleum, it is
referred to as a nonrenewable energy source.
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1.2.1 Forms of Petroleum

Petroleum can be in gas, liquid, and solid forms of hydrocarbons. The forms of
petroleum are functions of pressure, temperature, and other surrounding conditions
such as rock and soil. Under low surface pressure and temperature conditions,
lighter hydrocarbons such as methane, ethane, propane, and butane occur as gases,
while heavier hydrocarbons such as octane, benzene, xylenes, and paraffin wax are
in the form of liquids or solids. However, in an underground oil reservoir where
pressures are high, the proportions of gas, liquid, and solid depend on subsurface
conditions. It is expected that there are higher percentages of solids and liquids
compared to gas at higher pressures.

1.2.1.1 Gaseous Petroleum: Gaseous Petroleum Can Be Defined as Natural Gas

or Shale Gas

Natural gas is a mixture consisting primarily of methane, but also commonly
includes varying amounts of other higher alkanes, and small percentages of carbon
dioxide, nitrogen, hydrogen sulfide, and helium [1]. Natural gas is found in deep
underground reservoirs with sandstone and associated with other hydrocarbon
reservoirs.

Shale gas has the same composition as natural gas, except that it is found trapped
within shale formations [2]. Shale gas wells depend on hydraulic fractures to allow
the gas to flow from the rock and have become an increasingly important source of
natural gas in the United States since the start of this century. In 2000, shale gas pro-
vided only 1% of U.S. natural gas production; by 2010 it was more than 20%. Today,
the United States is the largest shale gas producer in the world [3], while China is
estimated to have the world’s largest shale gas reserves [4].

1.2.1.2 Liquid Petroleum: Liquid Petroleum Can Be Separated into Light Crude

Oil and Heavy Crude Oil

Light crude oil has a low viscosity and is a liquid at room temperature. These prop-
erties make light crude oil easy to pump and extract. It is composed of short-chain
paraffins, which are straight and branched-chain hydrocarbons. Because virgin light
crude oil comprises these short chains, it does not have to be heavily refined to pro-
duce gasoline. Typically, the chain-length range in gasoline is 4-12 carbons, making
light oil a desirable crude to be processed in a refinery. Approximately 30% of the
world’s petroleum reserves is light oil crude.

Heavy crude has a higher viscosity, but is still a liquid at room temperature. It usu-
ally contains more sulfur, nitrogen, and other contaminants than light oil. To refine
heavy oil to gasoline, it must be cracked and treated to remove the contaminants.
It requires more energy input and cost. Beyond the need for additional refinement,
heavy crude also needs additional extraction techniques to recover oil from the wells.
These techniques include stream stimulation to make the oil less viscous and the
injection of air into the wells to create fires that burn heavier hydrocarbons and
degrade them into lighter, more easily pumped compositions.

The transport of heavy oil requires the addition of diluting agents, particularly
in pipelines. The other major drawback to heavy crude is its environmental impact
because it contains sulfur and heavy metals, both of which must be removed.
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Heavy metals are often toxic and their removal from crude presents disposal issues.
Sulfur, which may be as high as 4.5 wt%, is corrosive to pipeline metal and refinery
components.

1.2.1.3 Solid Petroleum: Bitumen

Bitumen is a naturally occurring solid hydrocarbon that generally contains a mix-
ture of large polycyclic aromatic with exceptionally low hydrogen-to-carbon ratios.
Bitumen crude is found impregnated in sedimentary rock, which is mainly located
in Canada. This rock is often referred to as oil sand or tar sand. Bitumen will not flow
unless heated or mixed with lighter crudes to reduce viscosity. Most bitumen extrac-
tion processes require some level of physical mining as opposed to pump extraction
as with gaseous and liquid crude oil.

When crude oil prices increase, it can become profitable to upgrade bitumen to
synthetic crude for fuel. Bitumen can also be used for a number of other purposes,
including mortar between bricks, base material for statues, and waterproofing.
Today, the largest use of bitumen is roofing applications and at a lower concentration
in roadways.

1.2.2 Composition of Petroleum

In general, oil wells produce predominantly liquid petroleum (crude oil), with some
dissolved natural gas. Because the pressure is lower at the Earth’s surface than deep
underground, some of the natural gas will come out of the solution and be recovered.
Furthermore, at the higher deep underground temperatures and pressures, the dis-
solved gas may contain heavier hydrocarbons such as pentane, hexane, and heptane.
Once these heavier gases reach the lower pressure and temperature surface condi-
tions, they will condense out of the gas phase to form condensate, which has similar
appearance to gasoline and is similar in composition to some volatile light crude oils.

Petroleum is a mixture of a very large number of different hydrocarbons. The four
most commonly found categories of molecules are alkanes, cycloalkanes, aromatics,
and more complicated chemical compounds such as asphaltenes. Petroleum also
contains trace organic compounds of sulfur, nitrogen, oxygen, and metals such
as iron, nickel, copper, and vanadium. Each petroleum source has a unique mix
of molecules that define its physical and chemical properties, such as color and
viscosity. The molecular composition of crude oil varies widely depending on the
source. The chemical elements [5] in crude oil can vary as shown in Table 1.1.
Table 1.2 shows the percent ranges of the four key hydrocarbons in crude oil [6].

Alkanes - also called paraffins - are saturated hydrocarbons with straight or
branched chains containing only carbon and hydrogen. They have the general
formula C,H,,,,. Examples of alkanes in crude oil are hexane, decane, and
2,2,4-trimethylpentane (iso-octane).

Cycloalkanes - or, naphthene - are saturated hydrocarbons that have one or more
carbon rings to which hydrogen atoms are attached. The general formula of naph-
thene is C,H,,.. Examples of cycloalkanes are cyclopentane and cyclohexane.

Aromatics are unsaturated hydrocarbons that have one or more planar six-carbon
rings called benzene rings to which hydrogen atoms are attached. They have the
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Table 1.1 Chemical elements in crude oil.

Element Percent
Carbon 83-85
Hydrogen 10-14
Nitrogen 0.1-2.0
Oxygen 0.05-1.5
Sulfur 0.05-6.0
Metals <0.1

Table 1.2 Hydrocarbon in crude oil.

Hydrocarbon Percent
Alkanes 15-60
Naphthenes 30-60
Aromatics 3-30
Asphaltenes Remaining

general formula C,H,, .. Examples of aromatics are benzene, toluene xylenes,
ethylbenzene, 1,2-dimethylbenzene, naphthalene, and biphenyl.

Sulfur compounds in crude oil are typically found as mercaptans such as ethylmer-
captan and cyclic sulfides such as tetrahydrothiophen and benzothiophen.

There are two types of nitrogen-based compounds in petroleum. The first type is
basic nitrogen molecules that have an extra lone pair of electrons to facilitate reac-
tions. Basic nitrogen compounds are pyridine, quinolone, and phenanthridine. The
second type of nitrogen compounds is nonbasic. In this type of nitrogen, the lone
pair of electrons with the nitrogen is delocalized in the ring structure making the
molecule less reactive. Indole and carbazole are two nonbasic nitrogen compounds.

Some crude oils contain trace organic oxygen compounds such as benzoic acid
and phenol.

Metals such as Fe, Ni, Cu, V, Ca, Mg, Hg, As, and Na are generally found in
petroleum. Metals can be in the form of organic or inorganic salts. For example,
V can be found in an organic porphyrin structure and CaCl,, MgCl,, and NaCl
suspended or dissolved as entrained water inorganic salts. Metals in petroleum
must be removed or neutralized before processing, as they cause corrosion and
fouling to refinery equipment and poison of catalysts.

1.2.3 Petroleum Refinery

An oil refinery is an essential part of the downstream side of the petroleum
industry. Petroleum refineries are very large industrial complexes that involve many



1.2 Petroleum

processing units and auxiliary facilities such as utility units and storage tanks. Some
modern petroleum refineries process as much as 900 000 barrels per day of crude
oil. According to Oil and Gas Journal, a total of 636 refineries operated worldwide
at the end of 2014 for a total capacity of 87.75 million barrels per day of crude oil.
Reliance Industries’ Jamnagar Refinery in Gujarat, India, currently is the world’s
largest oil refinery. Each refinery has its own unique arrangement and combination
of refining processes largely determined by the refinery location, desired products,
and economic considerations.

Conversion of heavy oils to useful products requires breaking large molecules into
smaller ones. The breaking or cracking of large molecules can be accomplished by
one or more combinations of heat, pressure, and chemical reaction. In the process,
harmful or unwanted compounds such as metals, sulfur, nitrogen, and oxygen are
also removed. The conversion of heavy oils into useful products requires many sep-
aration and chemical reaction processes. These processes are briefly characterized
as follows:

e Desalination: This is the first unit in the refinery complex. Salts from crude oil are
extracted before it enters the atmospheric distillation unit.

o Crude oil distillation (atmospheric distillation): The desalted crude oil is separated
into various fractions for processing in downstream units.

o Vacuum distillation: The residue oil from the bottom of the crude oil distillation
unit is further distilled at a vacuum pressure well below atmospheric.

e Naphtha hydrotreater: The hydrotreater desulfurizes, denitrogenizes, and deoxyg-
enizes naphtha using hydrogen from the atmospheric distillation unit. The naph-
tha must be treated before sending the stream to the catalytic reformer unit.

e Catalytic reformer: The reformer converts the hydrotreated naphtha into refor-
mate, which has a higher content of aromatics and cyclic hydrocarbons. The end
products are high-octane gasoline and para-xylene aromatics, which is a critical
petrochemical in making PET.

o Distillate hydrotreater: This unit, similar to the naphtha hydrotreater, removes sul-
fur, nitrogen, and oxygen from distillates (such as diesel) and other units within
the refinery after atmospheric distillation.

e Fluid catalytic cracker (FCC): The FCC process is used to upgrade the heavier,
higher boiling-point fractions from the crude oil distillation by converting them
into more valuable lighter and lower boiling-point products.

e Hydrocracker: The hydrocracker uses hydrogen to upgrade heavy residual oils
from the vacuum distillation unit by thermally cracking them into more valuable
lighter and lower-viscosity products.

e Merox: The Merox process desulfurizes LPG, kerosene, and jet fuel by oxidizing
mercaptans to organic disulfides.

e Coking: Delayed cokers, fluid cokers, and flexicokers are used to crack very heavy
residual oils into gasoline and diesel fuel leaving petroleum coke as a residual
product.

o Alkylation: Alkylation is a process that uses sulfuric or hydrofluoric acid or an
ionicliquid as a catalyst to produce high-octane components for gasoline blending.

7



8 | 1 Refinery and Petrochemical Processes

Sulfar plant Sulfur
Saturate Sulfur |
r’l vapor recovery |—DI removal [ Fuel gas
I Liquefied
petroleum gas
Light straight-run naphtha
> Normal paraffins
Gasoline
Heavy
naphtha Naphiha Catalytic
hydrotreater reformer
Kerosene. T
Atmospheric N .
crude unit
distillation Diesel F g
column unit Diesel

Atmospheric gas oil

Gas oil

Crude oil I Atmospheric residue

Fuel oil

L Asphalt
oxidation » Asphalt

Figure 1.1 Topping and hydroskimming refinery.

For example, iso-butane and butylenes can be converted into iso-paraffin alkylate,
which is a very high-octane gasoline.

o Dimerization: Dimerization is used to convert olefins into higher-octane gasoline.
For example, butenes are dimerized into isooctene, which is subsequently hydro-
genated to form isooctane.

e Isomerization: This process converts linear molecules such as normal pentane to
higher-octane branched molecules for blending into gasoline. Isomerization units
also are used to convert linear molecules such as normal butane into isobutane for
use in alkylation units.

Oil refining is the process where crude oil is transformed into more desirable and
valuable products using the processes described above. Refineries often are classified
by the number and type of process units available for transforming crude oil into
petroleum products.

Topping refineries are the least complex refineries and are used to separate the
crude oil into its constituent petroleum products by atmospheric distillation; naph-
tha is produced, but no gasoline. Hydroskimming refineries are also one of the sim-
plest types of refineries used in the petroleum industry and are equipped with atmo-
spheric distillation, naphtha reforming, and additional treating processes to produce
gasoline. Important to note, a hydroskimming refinery produces a surplus of fuel
with a relatively unattractive price and demand. Figure 1.1 shows schematic topping
and hydroskimming refineries.

The next refinery classification in complexity level is a medium-conversion
refinery. A medium-conversion refinery is shown in Figure 1.2. To design
a medium-conversion refinery, unit operations such as vacuum distillation,
thermocracking, fluid catalytic cracking, and asphalt oxidation are added to the
hydroskimming refinery. This added level of complexity allows conversion of fuel
oil to light distillates and middle distillates.
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Figure 1.3 High-conversion refinery.

The most complex type of refinery is the high-conversion refinery, which is shown
in Figure 1.3. The high-conversion refinery adds more inter-related processes such
as hydrocracking, coking, demetallizing, and dewaxing. In particular, a coking unit
adds cracking capability for conversion of fuel oil into distillates and petroleum coke,
allowing high-efficiency conversion of the crude oil feedstock into higher yields of
more valuable products.

1.2.4 Petroleum Products

Petroleum products are complex hydrocarbon mixtures, in contrast to petrochem-
icals, which are a collection of well-defined usually pure chemical compounds
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Table 1.3 A breakdown of the petroleum products made from
a typical barrel of U.S. oil.

Petroleum products Percent
Gasoline 46

Jet fuel 9
Diesel and other fuel 26
Heavy fuel oil 4
Lubricants 1
Asphalt 3
Other products 11

Source: US Energy Information Administration, 31 May 2018.

derived from petroleum refineries. Depending on the composition of the crude oil
and the demands of the market, refineries can produce different types and pro-
portions of petroleum products. Petroleum products are usually grouped into four
categories: light distillates (LPG, gasoline, naphtha), middle distillates (kerosene,
jet fuel, diesel), heavy distillates, and residuum (heavy fuel oil, lubricating oils, wax,
asphalt). The largest share of petroleum products is fuels, which include single
or blended combinations of hydrocarbons to provide gasoline, jet fuel, diesel fuel,
heating oil, and heavier fuel oils. Heavier fractions also can be used to produce
asphalt, tar, paraffin wax, lubricating, and other heavy oils. Table 1.3 summarizes a
breakdown of the petroleum products made from a typical barrel of U.S. oil.

Refineries also produce chemicals that are used to produce polymers, detergents,
and other useful consumer products. Since petroleum contains sulfur-containing
molecules, elemental sulfur is often produced as a petroleum byproduct. Carbon,
in the form of petroleum coke, and hydrogen gas also are produced as petroleum
byproducts. For example, hydrogen often is used as an essential reactant for other
oil refinery processes such as hydrocracking and hydrodesulfurization.

1.3 Petrochemical Building Blocks

The industrial use of petrochemicals has focused throughout its history on roughly
seven main building blocks, often called intermediates, which are obtained from
both natural gas and petroleum processing. These seven basic building blocks are:

e Ethylene: Also known as ethene and possessing the formula C,H,, it is a color-
less flammable gas. Because it contains only two carbon atoms, it is the simplest
carbon-carbon double bond building block.

e Propylene: Also known as propene or methyl ethylene, propylene has the formula
C;H,. It also is an excellent C=C double-bond building block allowing unique
reactions and functionality because of the presence of both olefinic and aliphatic
carbon—carbon bonds.
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e C4 mono- and diolefins: This grouping is composed of butenes (also called
butylenes) having the formula C,Hg, and butadiene having the formula C,H,,.
While we group these building blocks together for simplicity, they are often used
for vastly different chemistry purposes and final products.

o Benzene: The simplest of the aromatic ring structures having a formula of C,H,
makes benzene a very important organic molecule in the petrochemical industry.

o Toluene: Also known as toluol, toluene has the same ring structure as benzene but
has one methyl group substituted on the ring. Its formula is C,Hg.

o Xylenes: While strictly defined as the three dimethyl substituted benzene isomers
(1,2-, 1,3+, and 1,4-dimethylbenzene), the petrochemical industry often classes
ethylbenzene into the same grouping called xylenes. This is because the dimethyl
benzenes and ethylbenzene have the same formula (C;H, ) and very similar boil-
ing points. The result is that these compounds are nearly always found together
in raw material sources.

o Synthesis gas: The oddest grouping in the building blocks, synthesis gas is a mix-
ture of H, and carbon monoxide (CO) in a molar ratio typically ranging from
around 1.0 to slightly higher than 2.0. Synthesis gas is used to produce many final
products and intermediates due to the flexible nature of the building blocks.

Chemical structures of these basic building blocks are shown in Figure 1.4.

From these seven building blocks, and adding abundant, readily available chemi-
cals such as air, pure oxygen, or pure nitrogen, the petrochemical industry has built a
wide variety of value-added compounds that have become essential to modern soci-
ety. For example, in a modern automobile, plastics and petrochemical compounds

H
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Figure 1.4 Chemical structure of common petrochemical building blocks.
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account for more than 50% of the volume of materials used. Despite this large frac-
tion of the volume, the petrochemical parts make up only about 10% of the vehicle
weight [7]. Clearly the trend of replacing automotive parts with lighter-weight pieces
based on petrochemicals will have to continue as lighter, more energy-efficient, and
electric vehicles become more popular.

The seven building blocks are mostly present as components of raw materials
(petroleum, natural gas) described earlier. Indeed, most of the building blocks had
been identified in the 1800s as components of these raw materials. For example,
Faraday [8] was reportedly the first to successfully isolate and characterize benzene
in 1825. However, these compounds were needed to be present in much larger quan-
tities, and isolated as intermediates for subsequent chemical reactions, for them to be
of use as building blocks. With petroleum and natural gas as starting materials, the
industry began to invent methods to obtain these building blocks in vast quantities.

Today, the unit operations (reactions, separations, heat transfer, etc.), which are
combined in systematic ways to make petrochemical building blocks in large quanti-
ties, often are referred to as petrochemical complexes. Although very few petrochem-
ical complexes are exactly alike, we can categorize these complexes into three basic

types.

o Olefin complexes: The complexes make predominantly the olefins ethylene, propy-
lene, and butenes. It is the primary technology for the product of olefins in steam
cracking [9], but other technologies such as dehydrogenation and methanol to
olefins technologies [10, 11] are gaining traction. In a steam cracking-based olefin
complex, the primary product is ethylene; the other products are formed in far
lower quantities. These complexes will sometimes be “fully integrated” - meaning
they have full recovery of propylene, butenes, and even the aromatics formed. Oth-
ers will recover only the ethylene and propylene and sell the remainder of the
liquid products to others for recovery. A sample block-flow diagram for an olefins
complex using steam cracking of hydrocarbons is shown in Figure 1.5.

o Aromatics complexes: These complexes make mostly aromatics hydrocarbons, and
often make most of the product as para-xylene for use in the synthesis of puri-
fied terephthalic acid, PTA [12]. These complexes usually employ a technology to
reform the naphtha cut of petroleum into aromatic rings, and then use a series
of technologies to interconvert the aromatic rings into the desired products, with

l Ethane recycle Methane
‘—» Feed > Pyrolysls o Quench a_nd [ Cryog_enlc —» Demethanizer [» Deethanizer (» C2 splitter [ Ethylene
treatment section compression cooling
Feed
> Fuel gas v
Pyrolysis Hydrogen
gasoline Depropanizer » C3 splitter [ Propylene

Fueloil (to aromatics extraction)

>

v

Propane recycle

C4 products

Debutanizer (to separation or sales)

Pyrolysis gasoline

L
(to aromatics extraction)

Figure 1.5 Block flow diagram of typical naphtha-based olefins unit.
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Figure 1.6 Typical aromatics complex.

para-xylene being typically the most desired. A typical plant-flow diagram for an
aromatics complex is shown in Figure 1.6.

o Synthesis gas complexes: In these complexes, coal, natural gas, or some other
hydrocarbon source is steam reformed into a synthesis gas mixture (H, and CO).
This synthesis gas then is converted into a variety of different products, including
methanol or ammonia by reacting the hydrogen with nitrogen recovered from
air. While methanol is a very-large-volume commodity chemical, ammonia
production is even larger due to the use of ammonia in agricultural fertilizers.
While the types of reformers and the layout vary significantly based on feedstock,
product ratios, and reformer technology, a typical layout for a synthesis gas plant
making methanol from natural gas is shown in Figure 1.7.

Together, these three types of complexes form most of the conversion of raw materi-
als into the building blocks, which support the petrochemical industry.

Many authors have tried to point to the “birth” of petrochemicals - something
which has always resulted in controversy. This is because petrochemicals have
existed for as long as our natural resources have existed, but were often masked
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Figure 1.7 Block flow diagram of typical methanol plant.
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Figure 1.9 Examples of products from ethylene.

or shrouded in the complexity of the complicated mixtures they were contained
in as described earlier. However, one of the first commercial complexes built
for the large-scale production of a petrochemical was in the early 1900s in West
Virginia. With its start in 1927, the Blaine Island plant of the Carbide and Carbon
Chemicals Corporation (later known as Union Carbide and recently acquired by
Dow Chemical) was the first truly integrated petrochemical plant. It produced
predominantly ethylene through a process, which we now call steam cracking of
hydrocarbons [13].

For any building block, intermediate or product to be useful, it must have an end
use, which adds values for consumers. For example, the largest end use of ethylene
(almost 70%) is in the manufacture of polyethylene. Polyethylene is broadly used in
food packaging, in engineered polymers, and in many other applications. With such
important and growing applications, it is no wonder that the production of ethylene
has been growing at slightly higher than GDP (about 1.5x the global GDP growth
rate on average from 1990 through 2017 [14]).

One aspect that makes the petrochemical building blocks particularly interest-
ing, however, is the versatility to make multiple different products from the same
molecule. This versatility is illustrated in Figure 1.8, which shows the major build-
ing blocks and only a few of the primary products, which can be produced from
them. For example, the same ethylene molecule used to make polyethylene can also
be used to make ethylene glycol, which is used as a coolant, as an ingredient in cos-
metics and foodstuffs, and as a key component of polyester fibers and bottles.

Indeed, dozens of other petrochemicals, fine and specialty products can be derived
from ethylene; the major products and further intermediates produced by ethylene
are shown in Figure 1.9. The same is true for the other olefins, and for most of the
other building blocks, making the evaluation petrochemical markets and economics
a particularly rich and exciting field. We will discuss this in depth in Chapter 2.
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