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CONVERSION OF CRUDE OIL TO PETROCHEMICALS
TECHNICAL FIELD

[0001] The present disclosure relates to an integrated hydrotreating and steam pyrolysis
process for the processing of crude oil with the recycle of the heavy fraction of the upgraded

crude oil to increase the yield of petrochemicals such as olefins and aromatics.
BACKGROUND

[0002] The lower olefins (for example, ethylene, propylene, butylene, butadiene and Cs4
derivatives) and aromatics (for example, benzene, toluene and the xylenes) are basic and
essential intermediates which are widely used in the petrochemical and chemical industries.
Thermal cracking, or steam pyrolysis, is a major type of process for forming these materials,
typically in the presence of steam and in the absence of oxygen. Feedstocks for pyrolysis can
include petroleum gases and distillates such as naphtha, kerosene, and gas oil. However, the
availability of these feedstocks is usually limited and requires costly and energy-intensive

process steps in a crude oil refinery.

[0003] Studies have been conducted using heavy hydrocarbons as a feedstock for steam
pyrolysis reactors. A major drawback in conventional heavy hydrocarbon steam pyrolysis

operations is coke formation.

[0004] In addition, the yields and distributions of olefins and aromatics using heavy
hydrocarbons as a feedstock for a steam pyrolysis reactor are different than those using light
hydrocarbon feedstocks. Heavy hydrocarbons have a greater content of aromatics and a
higher boiling point than light hydrocarbons. Greater aromaticity may be indicated by a
greater Bureau of Mines Correlation Index (BMCI). BMCI is a measurement of aromaticity

of a feedstock and is calculated as follows:
BMCI=87552/VAPB+473.5%(sp. gr.)-456.8 (D

where:
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VAPB=Volume Average Boiling Point in degrees Rankine and
sp. gr.=specific gravity of the feedstock.

[0005] As the BMCI decreases, ethylene yields are expected to increase. Therefore, highly
paraffinic or low aromatic feeds are usually used for steam pyrolysis to obtain greater yields
of desired olefins and to avoid greater yields of undesirable products and coke formation in
the reactor coil section. In light of this boiling point differential, the specification may also
utilize higher boiling point fraction when referring to heavy hydrocarbons and lower boiling

point fraction when referring to light hydrocarbons.

[0006] To be able to respond to the growing demand of these petrochemicals, other type of
feeds which can be made available in larger quantities, such as crude oil, are attractive to
producers. “Crude oil” is to be understood to include whole crude oil from conventional
sources, as well as crude oil that has undergone some pre-treatment. The term “crude o0il” is
also to be understood to include crude oil that has been subjected to water-oil separation, gas-
oil separation, desalting, stabilization, or combinations of such. Using crude oil feeds will
minimize or eliminate the likelihood of the refinery being a bottleneck in the production of
these petrochemicals. Current integrated crude conditioning steam cracking processes fail to
efficiently convert the heavy fraction of the upgraded crude oil into petrochemicals, such as

olefins and aromatics, and result in high levels of coke formation.
SUMMARY OF THE INVENTION

[0007] Accordingly, there is a continual need for improved processes for converting crude oil
which achieve increased yield of petrochemicals such as olefins and aromatics and decreased

levels of coke formation.

[0008] Embodiments of the present disclosure meet those needs by providing integrated
hydrotreating and steam pyrolysis processes for the direct processing of crude oil with the
recycle of the heavy fraction of the upgraded crude oil to increase the yield of petrochemicals

such as olefins and aromatics.
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[0009] In accordance with one embodiment, a process for upgrading crude oil is provided.
The process comprises mixing a crude oil stream with a hydrogen stream to yield a crude oil
and hydrogen mixture and passing the crude oil and hydrogen to a to a hydroprocessing
reactor operating at a temperature from 300 to 450 °Celsius (C) and a pressure from 30 to 200
bars. The hydroprocessing reactor comprises hydroprocessing catalysts. The
hydroprocessing catalysts can serve to hydrodesulfurize, hydrodemetallize,
hydrodenitrogenate (or combinations of such) the crude oil and hydrogen mixture to produce
a hydrotreated mixture. The process further comprises passing the hydrotreated mixture to a
separator unit to separate the hydrotreated mixture into a lower boiling point fraction and a
higher boiling point fraction. The higher boiling point fraction has a greater concentration of
aromatics and a greater boiling point than the lower fraction, and the higher boiling point
fraction has a boiling point of at least 500 °C. The process further comprises thermally
cracking the lower boiling point fraction in a steam cracking furnace operating at a coil outlet
temperature from 700 to 900 °C to yield a cracking effluent comprising olefins and
aromatics, and recycling the higher boiling point fraction for mixing with the crude oil and
hydrogen mixture upstream of the hydroprocessing reactor to facilitate further upgrading of

the crude oil.

[0010] Additional features and advantages of the embodiments will be set forth in the
detailed description which follows, and in part will be readily apparent to those skilled in the
art or recognized by practicing the embodiments described in the instant application,
including the detailed description which follows, the claims, as well as the appended

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a process flow diagram of an embodiment of an integrated hydroprocessing
and steam pyrolysis process with the recycle of the higher boiling point fraction of the

upgraded crude oil.
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[0012] FIG. 2 is a process flow diagram of an additional embodiment of an integrated
hydroprocessing and steam pyrolysis process with the recycle of the higher boiling point

fraction of the upgraded crude oil.

[0013] FIG. 3 is a process flow diagram of another embodiment of an integrated
hydroprocessing and steam pyrolysis process with the recycle of the higher boiling point

fraction of the upgraded crude oil.

[0014] FIG. 4 is a process flow diagram of a further embodiment of an integrated
hydroprocessing and steam pyrolysis process with the recycle of the higher boiling point

fraction of the upgraded crude oil.

[0015] The embodiments set forth in the drawings are illustrative in nature and not intended
to be limiting to the claims. Moreover, individual features of the drawings will be more fully

apparent and understood in view of the detailed description.
DETAILED DESCRIPTION OF THE INVENTION

[0016] Embodiments of the present disclosure are directed to integrated hydrotreating and
steam pyrolysis processes for the direct processing of crude oil with the recycle of the higher
boiling pint fraction of the upgraded crude oil to increase the yield of petrochemicals such as

olefins and aromatics.

[0017] A process flow diagram including an integrated hydroprocessing and steam pyrolysis
process with the recycle of the higher boiling point fraction of the upgraded crude oil is
shown in FIGS. 1 to 4. In some embodiments, the process for upgrading crude oil comprises
mixing a crude oil stream 101 with a hydrogen stream 102 to yield a crude oil and hydrogen
mixture 112. As previously described, “crude 0il” is to be understood to include whole
crude oil from conventional sources, as well as crude oil that has undergone some pre-
treatment. In some embodiments, “crude oil” can include crude oil from unconventional
sources such as fracking light oil and other natural gas condensates. The term “crude oil” is

also to be understood to include crude oil that has been subjected to water-oil separation, gas-
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oil separation, desalting, stabilization, or combinations of such. In certain embodiments of
the process, the crude oil stream 101 has an API Gravity (°) of 25° to 50°. For example and
as depicted in FIGS. 2 to 4 , the crude oil stream 101 can first be optionally passed through a
pump 103 to create a pressurized crude oil stream 104 before being mixed with the hydrogen
stream 102. Thus, in certain embodiments, the process includes pressurizing the crude oil
stream 101. In some embodiments, the crude oil stream 101 or pressurized crude oil stream
104 can be passed through a heater 105 to create a preheated crude oil stream or preheated
and pressurized crude oil steam 106, respectively. Thus, in certain embodiments the process
includes preheating the crude oil stream 101 to a temperature of at least 300 °C prior to
mixing with the hydrogen stream 102. In some embodiments, the hydrogen stream 102 can
be imported hydrogen, recycled hydrogen from downstream units, or a combination of such.
Downstream units that can provide recycled hydrogen 119 for the hydrogen steam 120
include, for example, the optional high pressure cold or hot separator 116, the steam cracking
furnace 140, and combinations of such. In certain embodiments, the process of upgrading
crude oil that includes the use of recycled hydrogen can further comprise a minimum purge
of the recycled hydrogen in order to avoid a buildup of contaminants in the recycle loop.
Additionally, the hydrogen stream can be optionally passed through a compressor 107 to
create a pressurized hydrogen stream 108 before being mixed with the crude oil stream 101,
the pressurized crude oil stream 104, or the preheated and pressurized crude oil steam 106.
Furthermore, the hydrogen stream can be optionally passed through a heater 109 to create a
preheated hydrogen stream or a preheated and pressurized hydrogen stream 111, before being
mixed with the crude oil stream 101, the pressurized crude oil stream 104, or the preheated
and pressurized crude oil steam 106. In some embodiments, the heater serves to heat the

hydrogen stream (or pressurized hydrogen stream) to a temperature of at least 300 °C.

[0018] In some embodiments, the process for upgrading crude oil further comprises passing
the crude oil and hydrogen mixture 112 to a hydroprocessing reactor 120. The
hydroprocessing reactor 120 includes an inlet for receiving the crude oil and hydrogen
mixture 112, and an outlet for discharging a hydrotreated mixture 122. In certain
embodiments, the hydroprocessing reactor 120 operates under parameters effective to

hydrodemetallize, hydrodearomatize, hydrodenitrogenate, hydrodesulfurize, hydrocrack, or
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combinations of such the crude oil and hydrogen mixture 112, thus producing the
hydrotreated mixture 122. For example, in some embodiments, the hydroprocessing reactor
120 can operate at a temperature from 300 to 450 °C. Further temperature ranges include
from 300 to 330 °C, from 300 to 350 °C, from 320 to 360 °C, from 340 to 380 °C, from 360
to 400 °C, from 380 to 420 °C, from 400 to 430 °C, and from 420 to 450 °C. In some
embodiments, the hydroprocessing reactor 120 can operate at a pressure from 30 to 200 bars.
Further pressure ranges include from 30 to 60 bars, from 30 to 100 bars, from 50 to 100 bars,
75 to 125 bars, 100 to 150 bars, 125 to 175 bars, and 150 to 200 bars. In some embodiments,
the liquid hourly space velocity (LHSV) of the hydroprocessing reactor 120 is from 0.1 to 2.0
hl. Further ranges for the LHSV include from 0.1 to 0.5 h'l, from 0.5to0 1.0 h'l, from 1.0 to
1.5h™, and from 1.5 t0 2.0 h™".

[0019] In certain embodiments, the hydroprocessing reactor 120 can include one or more unit
operations as are known to those of skill in the art. For example, the hydroprocessing reactor
120 can include a plurality of reaction vessels, each containing an effective amount of one or
more catalysts, such as hydrodemetallization catalyst, and hydroprocessing catalysts having
hydrodearomatization, hydrodenitrogenation, hydrodesulfurization, hydrocracking functions,
or combinations of such. Alternatively, the hydroprocessing reactor 120 can include one or
more separation zones, each containing an effective amount of hydrodemetallization catalyst,
and an effective amount of hydroprocessing catalysts having hydrodearomatization,
hydrodenitrogenation, hydrodesulfurization, hydrocracking functions, or combinations of
such. Alternatively, the hydroprocessing reactor 120 can include one or more catalyst layers
containing an effective amount of hydrodemetallization catalyst, and one or more catalyst
layers containing an effective amount of hydroprocessing catalyst having
hydrodearomatization, hydrodenitrogenation, hydrodesulfurization, hydrocracking functions,
or combinations of such. In some embodiments, the hydroprocessing reactor 120 can
include one or more hydrogen quenches, as are known to those of skill in the art. The one or
more hydrogen quenches are used to control the reaction temperature in the hydroprocessing
reactor, and are achieved by introducing a hydrogen stream between the one or more reaction
vessels, one or more separation zones, or one or more catalyst layers of the hydroprocessing

reactor 120. The hydrogen stream used for the hydrogen quenches can be imported
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hydrogen, recycled hydrogen from downstream units, or a combination of such. Downstream
units that can provide recycled hydrogen for the hydrogen quenches include, for example, the
optional high pressure cold or hot separator or steam, the steam cracking furnace 140, and

combinations of such..

[0020] In some embodiments, the hydroprocessing reactor 120 includes a plurality of catalyst
layers. As depicted in FIGS. 2 to 4, the hydroprocessing reactor 120 can include two or more
catalyst layers, 123 and 124. In further embodiments, the hydroprocessing reactor 120
includes a plurality of reaction vessels each containing one or more catalyst layers, for
example, of different function. In certain embodiments, the hydroprocessing reactor 120 can
include hydroprocessing catalysts which demetallize and desulfurize the crude oil and
hydrogen mixture to produce a hydrotreated mixture 122. In some embodiments, the
hydroprocessing catalysts include at least one metal from Periodic Table Groups 8 to 10, at
least metal from Group 6, or combinations of at least one metal from Groups 8 to 10 and at
least one metal from Group 6. In other embodiments, the hydroprocessing catalysts include
cobalt (Co) and nickel (Ni). In further embodiments, the hydroprocessing catalysts include
molybdenum (Mo) and tungsten (W) supported on a support material. In certain

embodiments, the support material includes alumina.

[0021] In some embodiments, the hydroprocessing reactor 120 includes a
hydrodemetallization catalyst. In other embodiments, the hydrodemetallization catalyst can
be included in a separate reaction vessel (not shown), or in a separation zone. For example,
in certain embodiments, the hydrodemetallization catalyst is included in a separate catalyst
layer from other catalyst layers. In other embodiments, the hydrodemetallization catalyst can
be included in a separate reaction vessel (not shown), or in a separate separation zone. In
certain embodiments, the hydrodemetallization catalyst can be supported on a support
material. In some embodiments, the support material includes alumina. In certain
embodiments, the hydrodemetallization catalyst can based on a gamma alumina support
material, with a surface area of from 140 to 240 meters*/gram (m*/g). Further surface area
ranges include from 140 to 160 mz/g, from 160 to 180 mz/g, from 180 to 200 mz/g, from 200
to 220 rnz/g, and from 220 to 240 m2/g. This catalyst has a very high pore volume, for
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example, in excess of 1 centimetersS/gram (crn3/g). The pore size itself is typically
predominantly macroporous, which are pores that are larger than 75 micrometers (um). This
is to provide a large capacity for the uptake of metals on the catalysts surface and optionally
dopants. The active metals on the catalyst surface are sulfides of Ni and Mo in the ratio
Ni/Ni+Mo<0.15. The concentration of Ni is lesser on the hydrodemetallization catalyst than
other catalysts, as some Ni and vanadium (V) is anticipated to be deposited from the
feedstock itself during the removal, acting as catalyst. The dopant used can be one or more of
phosphorus (P), boron (B), silicon (Si), and halogens. In certain embodiments, the catalyst
can be in the form of alumina extrudates or alumina beads. In other embodiments, alumina
beads are used to facilitate un-loading of the catalyst hydrodemetallization layer in the reactor

as the metals uptake will range between from 30 to 100% at the top of the layer.

[0022] In certain embodiments, the hydroprocessing reactor 120 includes an intermediate
catalyst. The intermediate catalyst can also be used to perform a transition between the
hydrodemetallization and the hydrodesulfurization function. In some embodiments, the
intermediate catalyst can be included in a separate reaction vessel (not shown), or in a
separation zone. In some embodiments, the intermediate catalyst is included with the
hydrodemetallization catalyst. For example, the intermediate catalyst can be included in the
hydrometallization catalyst layer. In some embodiments, the intermediate catalyst is included
with the hydrodesulfurization catalyst. For example, the intermediate catalyst can be
included in the hydrodesulfurization catalyst layer. In certain embodiments, the intermediate
catalyst is included in a separate catalyst layer. For example, the hydrodemetallization
catalyst, the intermediate catalyst, and the hydrodesulfurization catalyst are included in
separate catalyst layers. In some embodiments, the intermediate catalyst can be supported on
a support material. The support material can include alumina. The intermediate catalyst can
include intermediate metal loadings and pore size distribution. The catalyst can include
alumina based support in the form of extrudates, optionally at least one catalytic metal from
Group 6 (for example, Mo, W, or combinations of such), or at least one catalytic metals from
Groups 8 to 10 (for example, Ni, Co, or combinations of such), or combinations of such. The
intermediate catalyst can also contain optionally at least one dopant selected from B, P, Si,

and halogens. Physical properties include a surface area of from 140 to 200 rnz/g. Further
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surface area ranges include from 140 to 160 mz/g, from 160 to 180 rnz/g, or from 180 to 200
m?/g. Physical properties also include a pore volume of at least 0.6 cm®/g. Physical
properties further include pores which are mesoporous and in the range of from 12 to 50
nanometers (nm). Additional ranges include from 12 to 20 nm, from 20 to 30 nm, from 30 to

40 nm, or from 40 to 50 nm.

[0023] In some embodiments, the hydroprocessing reactor 120 includes a
hydrodesulfurization catalyst. In some embodiments, the hydrodesulfurization catalyst can
be included in a separate reaction vessel (not shown), or in a separation zone. For example,
the hydrodesulfurization catalyst can be included in a separate catalyst layer from other
catalyst layers. In certain embodiments, the hydrodemetallization catalyst, the intermediate
catalyst, and the hydrodesulfurization catalyst are included in separate catalyst layers. In
certain embodiments, the hydrodemetallization catalyst can be supported on a support
material. In some embodiments, the support material includes alumina. In some
embodiments, the hydrodesulfurization catalyst can include those having alumina based
support materials with a surface area towards the upper end of the hydrodemetallization
range, for example, ranging from 180 to 240 Inz/g. Additional ranges include from 180 to
195 m*/g, from 195 to 210 m*/g, from 210 to 225 m*/g, or from 225 to 240 m*/g. This
required greater surface for hydrodesulfurization results in relatively smaller pore volume, for
example, less than 1 cm’ /g. The hydrodesulfurization catalyst contains at least one element
from Group 6, such as Mo and at least one element from Groups 8 to 10, such as Ni. The
catalyst also comprises at least one dopant selected from B, P, Si and halogens. In certain
embodiments, cobalt is used to provide relatively increased levels of desulfurization. The
metals loading for the active phase is increased as the required activity is greater, such that
the molar ratio of Ni/Ni+Mo is in the range of from 0.1 to 0.3 and the (Co+Ni)/Mo molar

ratio is in the range of from 0.25 to 0.85.

[0024] In certain embodiments, the hydroprocessing reactor 120 can include a final catalyst
designed to perform hydrogenation of the feedstock (rather than a primary function of
hydrodesulfurization), for example as described in Appl. Catal. A General, 204 (2000) 251.

In other embodiments, the final catalyst can be included in a separate reaction vessel (not
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shown), or in a separation zone. For example, the final catalyst can be included in a separate
catalyst layer from other catalyst layers. In certain embodiments, the final catalyst can be
supported on a support material. In certain embodiments, the support material can include
alumina. The final catalyst may be promoted by Ni. Physical properties include a surface
area towards the greater end of the range, for example, from 180 to 240 m*/g. Additional
ranges include from 180 to 195 rnz/g, from 195 to 210 mz/g, from 210 to 225 mz/g, and from
225 to 240 mZ/g. This required increased surface to perform hydrogenation results in

relatively smaller pore volume, for example, less than 1 cm?/g.

[0025] Referring to FIGS 1 to 4, the process for upgrading crude oil optionally further
comprises cooling the hydrotreated mixture 122 from the hydroprocessing reactor 120 in a
heat exchanger (not shown) and passing the hydrotreated mixture 122 to a high pressure cold
or hot separator 116. The high pressure cold or hot separator 116 serves to separate gas and
liquid products of the hydrotreated mixture 122. Separator tops 117 are cleaned in an amine
unit 118 and a resulting hydrogen rich gas stream 113 that is optionally passed to a recycling
compressor 114 to be used as a recycled gas 119 in the hydroprocessing reactor 120. A
bottoms stream 115 from the high pressure separator 116, which is in a substantially liquid
phase, is cooled and introduced to a low pressure cold separator 121 in which it is separated
into a gas stream and a liquid stream 125. Gases from low pressure cold separator 121
include hydrogen, H,S, NH3 and any light hydrocarbons, such as C1-C4 hydrocarbons. These
gases may be optionally passed for further processing, such as flare processing or fuel gas

processing.

[0026] Referring to FIGS 1 to 4, the process for upgrading crude oil further comprises
passing the liquid stream 125 from the low pressure separator 121 to a separator unit 130.
The separator unit 130 functions to separate the lower boiling point fraction 131 from the
higher boiling point fraction 132 of the hydrotreated mixture 122. In some embodiments,
the higher boiling point fraction 132 has a boiling point of at least 500 °C. In some
embodiments, the lower boiling point fraction 131 has a boiling point of less than 500 °C. In
other embodiments, the lower boiling point fraction 131 has a boiling point range of less than

500 °C to less than 560 °C, while the higher boiling point fraction 132 has a boiling point
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range of greater than 500 °C to greater than 560 °C. Characteristics and compositions of the
lower boiling point fraction 131 include a light naphtha fraction, a heavy naphtha fraction, a
kerosene fraction, a diesel fraction, and a gas oil fraction boiling between 370 °C and 540 °C.
Characteristics and compositions of the higher boiling point fraction 132 include a vacuum
residue fraction boiling above 540 °C. Thus, the lower boiling point fraction 131 includes a
greater concentration of “< Cyo hydrocarbons” (hydrocarbons with less than 40 carbon
atoms) than the higher boiling point fraction 132, while the higher boiling point fraction 132
has a greater concentration of “>C40” hydrocarbons (hydrocarbons with greater than 40
carbon atoms) than the lower boiling point fraction 131. Additionally, the higher boiling
point fraction 132 includes a greater concentration of aromatics than the lower boiling point
fraction 131. The separator unit 130 includes an inlet for receiving the hydrotreated mixture
122, an outlet for discharging the lower boiling point fraction 131, and an outlet for

discharging the higher boiling point fraction 132.

[0027] Various components are contemplated for the separation unit 130. In certain
embodiments, the separation unit 130 comprises a flash vessel 133 and a distillation vessel
136 downstream of the flash vessel 133, as depicted in FIGS. 3 and 4. In some
embodiments, the separation unit 130 can include one or more flash vessels 133. In certain
embodiments, the flash vessel 133 is a flash drum. In some embodiments of the process for
upgrading crude oil, separation by the separator unit 130 comprises separating the
hydrotreated mixture 122 in the flash vessel 133 into a first lower boiling point fraction 134
and a first higher boiling point fraction 135, where the first lower boiling point fraction 134
has a boiling point range less than 350 °C, and the first higher boiling point fraction 135 has a
boiling range greater than 350 °C. Characteristics and compositions of the first lower boiling
point fraction 134 include a light naphtha fraction, a heavy naphtha fraction, a kerosene
fraction, and a diesel fraction. Characteristics and compositions of the first higher boiling
point fraction 135 include a gas oil fraction boiling between 370 °C and 540 °C and a vacuum
residue fraction boiling above 540 °C. Thus, the first lower boiling point fraction 134
includes a greater concentration of “<C;3” hydrocarbons (hydrocarbons with less than 18
carbon atoms) than the first higher boiling point fraction 135, while the first higher boiling

point fraction 135 has a greater concentration of “>C;g” hydrocarbons (hydrocarbons with
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less than 18 carbon atoms) than the first lower boiling point fraction 134. The flash vessel
133 can include an inlet for receiving the hydrotreated mixture 122 and an outlet for
discharging the first lower boiling point fraction 134 and an outlet for discharging the first
higher boiling point fraction 135. In certain embodiments, the hydrotreated mixture 122 is
flashed in the flash vessel 133 at atmospheric pressure and at an inlet temperature between
350 °C and 450 °C. Additional inlet temperature ranges include from 350 to 370 °C, from
370 to 390 °C, from 390 to 410 °C, from 410 to 430 °C, and from 430 to 450 °C.

[0028] Referring to FIGS 3 and 4, in certain embodiments, the process for upgrading crude
oil further comprises passing the first higher boiling point fraction 135 to a distillation vessel
136. In some embodiments, the separation unit 130 can include one or more distillation
vessels 136. In certain embodiments, the distillation vessel 136 can be a distillation tower,
such as a vacuum distillation tower. Therefore, some embodiments of the process for
upgrading crude oil further comprise separating the first higher boiling point fraction 135 in a
distillation vessel 136 to yield a second lower boiling point fraction 137 and the higher
boiling point fraction 132, where the second lower boiling point fraction 137 has a boiling
point range of greater than 350 °C to less than 500 °C, and the higher boiling point fraction
132 has a boiling point greater than 500 °C. In other embodiments, the second lower boiling
point fraction 137 has a boiling point range of greater than 350 °C to less than 500 °C to less
than 560 °C, and the higher boiling point fraction 132 has a boiling point range greater than
500 °C to greater than 560 °C. Characteristics and compositions of the second lower boiling
point fraction 137 include a gas oil fraction boiling between 370 °C and 540 °C. As
previously described, the characteristics and compositions of the higher boiling point fraction
132 include a vacuum residue fraction boiling above 540 °C. Thus, the second lower boiling
point fraction 137 includes a greater concentration of C;3-Cy4o hydrocarbons than the higher
boiling point fraction 132, while the higher boiling point fraction 132 has a greater
concentration of “>C4o” hydrocarbons than the second lower boiling point fraction 137. The
distillation vessel 136 can include an inlet for receiving the first higher boiling point fraction
135, an outlet for discharging the second lower boiling point fraction 137, and an outlet for
discharging the higher boiling point fraction 132. In certain embodiments, the distillation

tower operates at a temperature between 350 °C and 450 °C and at an absolute pressure of
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between 10 millimeters of mercury (mmHg) to 40 mmHg. Additional absolute pressure

ranges include from 10 to 20 mmHg, from 20 to 30 mmHg, and from 30 to 40 mmHg.

[0029] Referring to FIGS 1 to 4, in some embodiments, the process for upgrading crude oil
further comprises passing the lower boiling point fraction 131 from the separator unit 130 to
a steam cracking furnace 140. In embodiments in which the separation unit 130 comprises a
flash vessel 133 and a distillation vessel 136 downstream of the flash vessel 133, the process
for upgrading crude oil can further comprise combining the first lower boiling point fraction
134 from the flash vessel 133 and the second lower boiling point fraction 137 from the
distillation vessel 136 in mixer 138 to yield the lower boiling point fraction 131. Therefore,
in certain aspects, the process further includes thermally cracking the lower boiling point
fraction 131 in the steam cracking furnace 140 in the presence of steam 142. The steam
cracking furnace 140 operates under parameters effective to crack the lower boiling point
fraction 131 into the desired products, including olefins (including ethylene, propylene,
butenes, and butadiene), aromatics (including benzene, toluene, and xylenes), pyrolysis
gasoline, pyrolysis gasoil, and pyrolysis oil. In certain embodiments, the steam cracking
furnace 140 operates at a temperature from 700 to 900 °C to yield a cracking effluent 141
comprising olefins and aromatics. Further possible temperature ranges include from 700 to

750 °C, from 750 to 800 °C, from 800 to 850 °C, or from 850 to 900 °C.

[0030] Referring to FIG. 4, in some embodiments, the steam cracking furnace 140 comprises
a convection section 143 and a pyrolysis section 145 downstream of the convection section
143. The convection section 143 and the pyrolysis section 145 can operate based on steam
pyrolysis unit operations familiar to skilled person, that is, passing the lower boiling point
fraction 131 to the convection section 143 in the presence of steam 142. The lower boiling
point fraction 131, which serves as the pyrolysis feed stream, is first passed to an inlet of the
convection section 143 in the presence of an effective amount of steam, such as through a
steam inlet. An “effective amount of steam” is an amount of steam that serves as a diluent to
keep the hydrocarbon molecules of the lower boiling point fraction 131 separated. In the
convection section 143, the lower boiling point fraction 131 and steam 142 mixture is heated

to a predetermined temperature, for example, using one or more waste heat streams or other
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suitable heating arrangement. In certain embodiments, the convection section 143 operates at
a temperature from 700 to 900 °C. Further temperature ranges may include from 700 to 750
°C, from 750 to 800 °C, from 800 to 850 °C, or from 850 to 900 °C. The heated mixture of
the lower boiling point fraction 131 and additional steam 142 from the convention section

143 forms a post-convection light fraction 144.

[0031] Still referring to FIG. 4, in some embodiments, the post-convection light section 144
is passed from the convention section 143 to the pyrolysis section 145. The pyrolysis section
145 operates under parameters effective to crack the post-convection light section 144 into
the cracking effluent 141. The cracking effluent 141 includes the desired products, including
olefins (including ethylene, propylene, butenes, and butadiene), aromatics (including
benzene, toluene, and xylenes), and pyrolysis gasoline. In certain embodiments, steam
cracking in the convection section 143 and pyrolysis section 145 is carried out using a
temperature in the range of from 700 °C to 900 °C in the convection section 143 and in the
pyrolysis section 145, a steam 142-to-light fraction 132 ratio in the convection section 143 in
the range of from 0.3:1 to 2.0:1, and a residence time in the convection section 143 and in the

pyrolysis section 145 in the range of from 0.05 seconds to 2 seconds.

[0032] Referring to FIGS. 1 to 4, in some embodiments, the process for upgrading crude oil
further comprises recycling the higher boiling point fraction 132 from the separator unit 130
for mixing with the crude oil stream 101 (or alternatively the pressurized crude oil stream 104
or the preheated and pressurized crude oil steam 106) and hydrogen stream 102 (or
alternatively the pressurized hydrogen stream 108) upstream of the hydroprocessing reactor
120 to facilitate further upgrading of the crude oil. In certain embodiments, the higher
boiling point fraction 132 is recycled to the mixer 110 for mixing with the crude oil stream
101 (or alternatively the pressurized crude oil stream 104 or the preheated and pressurized
crude oil steam 106) and hydrogen stream 102 (or alternatively the pressurized hydrogen
stream 108). Unexpectedly, the recycling of the higher boiling point fraction 132 of
unconverted oil from the separator unit 130 (and alternatively from the distillation vessel
136) for further upgrading of the crude oil results in improved yield of olefins (including

ethylene, propylene, butenes, and butadiene) and aromatics (including benzene, toluene, and
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xylenes) in the steam cracking furnace 140 versus a process that does not include such
recycling of the higher boiling point fraction 132. In certain embodiments, the process of
upgrading crude oil that includes recycling of the higher boiling point fraction 132 results in
improved yield of at least one of ethylene, propylene, butenes, and butadiene. In other
embodiments, the process of upgrading crude oil that includes recycling of the higher boiling
point fraction 132 results in improved yield of at least one of benzene, toluene, and xylenes.
Additionally, such recycling of the higher boiling point fraction 132 of unconverted oil from
the separator unit 130 (and alternatively from the distillation vessel 136) for further
upgrading of the crude oil results in reduced coke formation in the steam cracking furnace
140 versus a process that does not include such recycling of the higher boiling point fraction
132. In certain embodiments, the process of upgrading crude oil that includes recycling of
the higher boiling point fraction 132 can further comprise a minimum purge of the higher

boiling point fraction 132 in order to avoid a buildup of contaminants in the recycle loop.

[0033] In some embodiments, the process for upgrading crude oil further comprises cooling
the cracking effluent 141. In certain embodiments, the process comprises cooling the
cracking effluent 141 to a temperature less than 200 °C, for example, from between ambient
temperature to 200 °C. In some embodiments, the process for upgrading crude oil further
comprises delivering the cracking effluent to additional separation units 150, such as coolers,
gas-liquid separators, oil-gas separators, oil-liquid separators, fractionators, or combinations
of such, as is known in the art. Additionally, in some embodiments the process for upgrading
crude oil further comprises separating olefins from the cracking effluent 141 in a fractionator

150, as is known in the art.

[0034] For example, the cracking effluent 141 can be passed to an inlet of a quenching zone
(not shown), with a quenching solution (for example, water, pyrolysis fuel oil, or
combinations of such) introduced via a separate inlet to produce an intermediate quenched
mixed product stream having a reduced temperature, for example, of 200 °C to 300 °C, and
spent quenching solution is discharged. The gas mixture effluent from the steam cracking
furnace 140 is typically a mixture of hydrogen, methane, hydrocarbons, carbon dioxide and

hydrogen sulfide. After cooling with water or oil quench, the mixture can be compressed in a
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multi-stage compressor zone, for example, in 4 to 6 stages, to produce a compressed gas
mixture. The compressed gas mixture can be treated in a caustic treatment unit to produce a
gas mixture depleted of hydrogen sulfide and carbon dioxide. The gas mixture can be further
compressed in a compressor zone, and the resulting cracked gas typically undergoes a

cryogenic treatment to be dehydrated, and is further dried by use of molecular sieves.

[0035] Furthermore, the cold cracked gas stream can be passed to a de-methanizer tower (not
shown), from which an overhead stream is produced containing hydrogen and methane from
the cracked gas stream. The bottoms stream from de-methanizer tower can then sent for
further processing in a product separation zone, comprising fractionation towers including de-
ethanizer, de-propanizer and de-butanizer towers. Process configurations with a different
sequence of de-methanizer, de-ethanizer, de-propanizer and de-butanizer can also be

employed.

[0036] After separation from methane at the de-methanizer tower and hydrogen recovery in
hydrogen recovery unit, hydrogen having a purity of typically 80 to 95 percentage by volume
(vol %) is obtained. Recovery methods in the hydrogen recovery unit include cryogenic
recovery (for example, at a temperature of about -157° C.). The hydrogen stream can then be
passed to a hydrogen purification unit, such as a pressure swing adsorption (PSA) unit to
obtain a hydrogen stream having a purity of 99.9%-+, or a membrane separation units to
obtain a hydrogen stream with a purity of about 95%. The purified hydrogen stream can
then be recycled back to serve as a major portion of the requisite hydrogen for the
hydroprocessing zone. In addition, a minor proportion can be utilized for the hydrogenation
reactions of acetylene, methylacetylene and propadienes. In addition, the methane stream
from the hydrogen recovery unit can optionally be recycled to the steam cracker to be used as

fuel for burners, heaters, or combinations of such.

[0037] Additionally, the bottoms stream from de-methanizer tower can be conveyed to an
inlet of a product separation zone to be separated into methane, ethylene, propylene,

butadiene, mixed butylenes and pyrolysis gasoline, which can be discharged via separate
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outlets. Pyrolysis gasoline generally includes Cs-Cgy hydrocarbons, and benzene, toluene and

xylenes can be extracted from this cut.

[0038] The features of the present embodiments will be further illustrated in the Examples

which follow.

[0039] Examples

[0040] Recycling of the higher boiling point fraction of the upgraded crude oil results in

increased yield of aromatics and olefins:

[0041] A comparative study was conducted to evaluate the petrochemical yields from steam
cracking the hydrotreated crude oil with the recycle of the higher boiling point fraction and
without the recycle of the higher boiling point fraction according to the previously described
processes, as shown in Table 1. SPYRO software (Technip Benelux B.V., located in
Zoetermeer, Netherlands) was used to simulate the steam cracking process. The processing
parameters for the SPYRO simulation included a temperature of 700 °C to 900 °C, a steam to
hydrocarbon ratio of 0.3:1 to 2.0:1, and a residence time of 0.05 seconds to 0.2 seconds.

Table 1 lists additional conditions for the steam cracker.

[0042] As depicted in Table 1, recycling of the higher boiling point fraction of the upgraded
crude oil results in increased yield of aromatics and olefins compared to the same process that

does not include such recycling of the higher boiling point fraction.

TABLE 1

Feed Without recycle 540°C+ recycled

based on steam cracker

Conditions

HC-flow, grams/hour (g/h) 3600 3600
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Feed Without recycle 540°C+ recycled
H>O-flow, g/h 3600 3600
COT, °C 840 840

oo COP, absolute pressure (bar 18 18

Yields, wt.%
Total Olefin 40.3 45.6
H, 0.6 0.7
CH,4 10.2 11.3
CyHg 2.7 2.7
CHy 20.7 23.2
CsHg 04 0.4
CsHg 10.3 11.6
n-C4Hjo 0.1 0.1
i-C4Hjo 0.0 0
Propadiene (PD) 0.3 0.3
C:Hs 04 04
t-2-C4Hy 03 0.4
1-C4Hg 1.1 1.1
i-C4Hg 1.2 14
c-2-C4Hg 0.3 0.3
1,3-C4He 3.7 4.6
Methylacetylene (MeAc) 0.3 0.4
Cs+ 0.0
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Feed Without recycle 540°C+ recycled
Benzene 4.7 4.8
Toluene 3.8 4
Xylenes 1.2 1.1
Cs5-Cyp (excel. BTX) 8.4 7.9
Ciot+ 18.1 23

Coke formation
Reactor (g coke/hour) 0.6 0.8

[0043] 1t should not be understood the various aspects of the composite zeolite catalyst, the
method of making the same, the method of making xylene using the same, and a system for
making xylene using the same are described and such aspects may be utilized in conjunction

with various other aspects.

[0044] In a first aspect, the disclosure provides a process for upgrading crude oil. The
process comprises mixing a crude oil stream with a hydrogen stream to yield a crude oil and
hydrogen mixture. Further, the process comprises passing the crude oil and hydrogen
mixture to a hydroprocessing reactor operating at a temperature from 300 to 450 °C and a
pressure from 30 to 200 bars. The hydroprocessing reactor comprises hydroprocessing
catalysts which desulfurize and demetallize the crude oil and hydrogen mixture to produce a
hydrotreated mixture. Additionally, the process includes passing the hydrotreated mixture to
a separator unit to separate the hydrotreated mixture into a lower boiling point fraction and a
higher boiling point fraction. The higher boiling fraction has a greater concentration of
aromatics and a greater boiling point than the lower boiling point fraction. The higher boiling
point fraction has a boiling point of at least 500 °C. The process further comprises thermally
cracking the lower boiling point fraction in a steam cracking furnace operating at a
temperature from 700 to 900 °C to yield a cracking effluent comprising olefins and

aromatics. Finally, the process includes recycling the higher boiling point fraction for mixing
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with the crude oil and hydrogen mixture upstream of the hydroprocessing reactor to facilitate

further upgrading of the crude oil.

[0045] In a second aspect, the disclosure provides the process of the first aspect, in which the
separation unit comprises a flash vessel and a distillation vessel downstream of the flash

vessel.

[0046] In a third aspect, the disclosure provides the process of the first or second aspects, in
which separation by the separator unit comprises a flash vessel which separates the
hydrotreated mixture into a first lower boiling point fraction and a first higher boiling point
fraction. The first lower boiling point fraction has a boiling point range of less than 350 °C,
and the first higher boiling point fraction has a boiling range of greater than 350° C.
Separation by the separator unit also comprises a distillation vessel which separates the first
higher boiling point fraction into a second lower boiling point fraction and the higher boiling
point fraction. The second lower boiling point fraction has a boiling point range of greater
than 350 °C to less than 500 °C and the higher boiling point fraction has a boiling point
greater than 500 °C.

[0047] In a fourth aspect, the disclosure provides the process of the third aspect, in which the
process further comprises combining the first lower boiling point fraction and the second

lower boiling point fraction to yield the lower boiling point fraction.

[0048] In a fifth aspect, the disclosure provides the process of any of the first through fourth
aspects, in which the process further comprises preheating the crude oil to a temperature of at

least 300 °C prior to mixing with the hydrogen stream.

[0049] In a sixth aspect, the disclosure provides the process of any of the first through fifth
aspects, in which the hydroprocessing catalysts comprise at least one Group 8 metal, at least

one Group 6 metal, or combinations thereof.
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[0050] In a seventh aspect, the disclosure provides the process of the sixth aspect, in which

the hydroprocessing catalysts comprise Co and Ni.

[0051] In an eighth aspect, the disclosure provides the process of any of the first through
seventh aspects, in which the hydroprocessing catalysts comprise Mo and W supported on a

support material.

[0052] In a ninth aspect, the disclosure provides the process of any of the first through eighth

aspects, in which the support material comprises alumina.

[0053] In a tenth aspect, the disclosure provides the process of any of the first through ninth
aspects in which the crude oil stream has an API Gravity (°) of 25° to 50°.

[0054] In an eleventh aspect, the disclosure provides the process of any of the first through
tenth aspects, in which where the hydrogen stream comprises hydrogen and recycled

hydrogen.

[0055] In a twelfth aspect, the disclosure provides the process of any of the first through
eleventh aspects, in which the hydroprocessing reactor comprises a plurality of catalyst

layers.

[0056] In a thirteenth aspect, the disclosure provides the process of any of the first through
twelfth aspects, in which the liquid hourly space velocity (LHSV) of the hydroprocessing
reactor is from 0.1 to 2.0 h™.

[0057] In a fourteenth aspect, the disclosure provides the process of any of the first through
thirteenth aspects, in which the steam cracking furnace comprises a convection section and a

pyrolysis section downstream of the convection section.

[0058] In a fifteenth aspect, the disclosure provides the process of the fourteenth aspect, in

which the convection section has a steam to light fraction ratio of 0.3:1 to 2:0.1.
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[0059] In a sixteenth aspect, the disclosure provides the process of the fourteenth or fifteenth
aspects, in which the convection section allows for a reaction residence time of 0.05 to 2

seconds.

[0060] In a seventeenth aspect, the disclosure provides the process of any of the first through
sixteenth aspects, in which the aromatics of the cracking effluent comprise one or more of

benzene, toluene, and xylene.

[0061] In an eighteenth aspect, the disclosure provides the process of any of the first through
seventeenth aspects, in which the process further comprises cooling the cracking effluent to a

temperature less than 200 °C.

[0062] In a nineteenth aspect, the disclosure provides the process of any of the first through
eighteenth aspects, in which the process further comprises delivering the cracking effluent to

gas-liquid separators, oil-liquid separators, or combinations thereof.

[0063] In a twentieth aspect, the disclosure provides the process of any of the first through
nineteenth aspects, in which the process further comprises separating olefins from the

cracking effluent in a fractionator.

[0064] It should be apparent to those skilled in the art that various modifications can be made
to the described embodiments without departing from the spirit and scope of the claimed
subject matter. Thus, it is intended that the specification cover the modifications and
variations of the various described embodiments provided such modifications and variations

are within the scope of the appended claims and their equivalents

[0065] Throughout this disclosure ranges are provided. It is envisioned that each discrete
value encompassed by the ranges are also included. Additionally, the ranges which may be
formed by each discrete value encompassed by the explicitly disclosed ranges are equally

envisioned.



