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(57) Abstract: Systems and methods are provided for using
field enhanced separations to produce multiple fractions from
a petroleum input. A liquid thermal diffusion and/or electric
field separation is used to produce the fractions. The fractions
can then be used to form multiple outputs that share a first
feature while being different with regard to a second feature.
For example, a first fraction from the plurality of fractions
can have a desired value for a first property such as viscosity
index. Two or more additional tractions from the plurality of
fractions can then be blended together to make a blended
fraction or output. The blended fraction can have a value for
the first property that is substantially similar to the value for
the first fraction. However, for a second property, the first
fraction and the blended fraction can have distinct values. As
a result, multiple output fractions can be formed that share a
first feature but differ in a second feature.
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FIELD ENHANCED SEPARATION OF HYDROCARBON FRACTIONS

FIELD

6001} This disclosure provides systems and methods for scparating petroleum

fractions and other hydrocarbon fractions in the presence of thermal fields and/or electric

fields.
BACKGROUND
[3002] A general problem during petroleum processing is separating desirable

fractions of a petroleum (hydrocarbon) stream from other fractions that are less desirable
or are desirable for a different purpose. A common example of a separation is to
separate a lower botling fraction, such as a diesel boihing range fraction, from a higher
boiling fraction, such as a lubricant botling range fraction. While separations based on
boiling point are well understoed, many desirable qualities in a petroleum fraction are

not directly correlated with boiling poiut.

(6603} Liquid thermal diffusion provides a method for performung a liquid scparation
that is an alternative to boiling point based separations. U.S. Patents 2,541,069 and
3,180,823 are carly exaraples of using hiquid thermal diffusion to scparate hydrocarbon
fractions, such as lubricant boiling range fractions. U.S. Patent 3,180,823 also describes
use of an additive to facilitate a liquid thermal diffusion process, and the withdrawal of

multiple different fractions during a separation.

[6004] U.S. Patent 6,783,661 describes a method of using liguid thermal diffusion
for separation of a residue or bottoms fraction from a process for converting a distillate
boiling range feed. The liquid thermal diffusion 18 used to scparate the bottoms fraction
based on viscosity index. A portion of the bottoms fraction can then be recycled for

further processing,
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SUMMARY

[G805] In an cmbodiment, a method for separating a lubricant botling range
feedstock s provided. The roethod includes passing a feedstock with an intial boiling
point of at least 200°C into a gap between a first surface and a second surface in a
thermal diffusion separator; performing thermal ditfusion separation by maintaining the
feedstock in the gap with a temaperature differential between the first surface and the
second surface of at least 5°C for a residence time; withdrawing a plurality of fractions
from the thermal diffusion separator inchuding a first fraction, a second fraction, and a
third fraction, the first fraction having a first valuc for a first property and a sccond value
for a second property; and blending at least a portion of the second fraction and at least a
portion of the third fraction to form a blended fraction, the blended fraction having a
third value for the first property that differs from the first value by 2.5% or less and a

fourth value for the second property that differs from the second value by at least 5.0%.

[3306] In another embodiment, a method for separating a hubricant boiling range
feedstock 1s provided. The method includes passing a feedstock with a T35 boiling point
of at least 350°C into a gap between a first surface and a second surface in a thermal
feedstock in the gap with a temperature differential between the first surface and the
second surface of at least 5°C for a residence time; withdrawing a plarality of fractions
from the thermal diffusion separator inchuding a fivst fraction, a second fraction, a third
fraction, and a fourth fraction withdrawn from a height between the first fraction and the
third fraction, the first fraction having a first value for a first property; and blending at
feast a portion of the second fraction and at least a portion of the third fraction to form a
blended fraction, the blended fraction excluding at least a portion of the fourth fraction,
the blended fraction having a second value for the first property that differs from the first
value by 2.5% or less, wherein a vield of product for a combination of the first fraction
plus the blended fraction is greater than a yield for a contiguous blend of fractions from
the plurality of fractions that has a value for the first property that differs from the first

value by 2.5% ot less.
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[6687] In stiil another embodiment, a systera for performing hydroprocessing is
provided. The system includes a separation volume formed by a first surface and a
sccond surface aligned to face cach other and define a separation volume width of the
separation volume, the separation volume having a separation volume height defined by
a top surface and a bottorn surface and a separation volume length, the scparation volume
width being from .25 mm to 6.6 mm, the separation velume height being at least (.25
m, and a ratio of the separation volume width to the separation volume height being less
than 500; one or roore heating elewents configured to mamtain the first surface at a
temperature; one or more first electrodes associated with the first surface and one or
more second electrodes associated with the second surface; an mput manifold in flud
communication with the separation volume; and a phurality of output channels in fluid
corrounication with the separation volume, the plarality of output chaunels being at two

or more different heights relative to the height of the separation volume.

[6008] In yet avother embodiment, a macthod for processing a feedstock 1s provided.
The method inclades treating a feedstock with a T3 botling peint of at least 350°C, the
feedstock comprising a recycled portion, i one or wmore hydroprocessing stages under
effective hydroprocessing conditions to form a hydroprocessed effluent; passing at least
a portion of the hydroprocessed efftuent into a gap between a first surface and a second
surface in a thermal diffusion separator; performing thermal diffusion separation by
maintaining the at least a portion of the hydroprocessed effluent in the gap with a
temperature differential between the first surface and the second surface of at least 5°C
for a residence time; withdrawing a plurality of fractions from the thermal diffusion
separator including a first fraction having a viscosity index of at least R0, a second
fraction having a viscosity index less than the first fraction and less than 90, and a third
fraction having a viscosity 1ndex less than the second fraction; and recychog at least a

portion of the second fraction to form the recycled portion.

[(3309] In still another embodiment, a method for processing a feedstock is provided.
The method includes treating a feedstock with a TS boiling point of at least 350°C in one
or more first hydroprocessing stages under effective hydroprocessing conditions to form
a first hydroprocessed effluent; passing a first portion of the first hydroprocessed effiuent

wito a gap between a first surface and a second surface in a therroal diffusion separator;
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performing thermal diffusion separation by maintaining the first portion of the first
hydroprocessed effluent portion in the gap with a temperature differential between the
first surface and the second surface of at least 3°C for a residence time; withdrawing a
plurality of fractions from the thermal diffusion separator including a first separated
tfraction and a second separated fraction, the sccond separated fraction having a viscosity
index of at least 80; and treating a second portion of the first hydroprocessed effluent and
the second separated fraction in one or more second hydroprocessing stages under

second effective hydroprocessing conditions to form a second hydroprocessed effluent.

BRIEF DESCRIPTION OF THE DRAWINGS

[6610] FIGS. 1 and 2 schematically show exaraples of configurations for performing

scparations by liquid thermal diffusion.

G811 FIG. 3 shows paralle] planar surfaces with optional features for reducing the

distance between the surfaces.

6012} FIGS. 4 and 5 schematically show examples of electrode configurations.
[6613] FIG. 6 scheroatically shows an exaraple of a configuration for performing a

ficld enhanced separation.

[814] FIG. 7 shows separation data from separations performed using liquid thermal
diffusion.
[B015] FIGS. 8 and 9 show separation data from separations performed using liquid

thermal diffusion.

[3016] FIGS. 10 to 14 show various configurations for performing a field enhanced

separation as part of processing of a feedstock.
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DETAILED DESCRIPTION

[6017] Al numerical values within the detailed description and the claims herein are
modified by “about” or “approximately” the indicated value, and take into account
experimental error and variations that would be expected by a person having ordinary

skill in the art,

Overview

G018} In various aspects, systems and methods are provided for using field
enhanced separations to produce multiple fractions from a petroleam wput. A hquid
thermal diffusion and/or electric field separation is used to produce the fractions. The
fractions can then be used to form multiple outputs that share a first feature while being
different with regard to a second feature. For example, a first fraction from the plurality
of fractions can have a desired value for a first property such as viscosity index. Two or
more additional fractions from the plurality of fractions can then be blended together to
make a blended fraction or output. The blended fraction can have a value for the first
property that is substantially simtlar to the vahlue for the first fraction. However, for a
second property, the first fraction and the blended fraction can have distinct values. Asa
result, roultiple output fractions can be formed that share a first featare but differ 1o a

second feature,

[6019] Conventionally, petroleum fractions (including feedstock aund partially or
fully processed products) have been separated primarily based on the boiling point of the
various compounds.  Boiling poiut separations can be used to generate a vanety of
fractions from a petroleum feed, such as naphtha fractions or distillate fractions.
However, modification of propertics within a boiling range must be achieved by another

method, such as by hydroprocessing or solvent extraction.

[6026] Separations by liguid thermal diffusion provide another alternative and/or
complement to botling point scparations. Instead of providing a separation based on
boiling pownt, hquid thermal diffusion results in a separation based on molecular shape

and density that roughly correlates with viscosity index. This scparation can be
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performed without the use of additional solvents or other additives. Optionally, a hquid
thermal diffusion separation can be further enhanced by applying a variable electric ficld

during the scparation.

(6021 In various embodiments, combinations of boiling point separations and liquid
thermal diffusion separations can be used a varicty of fractions frovn a feed, processing
intermediate, or processing product. The ability to perform separations using two
distinct techniques can enable the formation of a variety of distinct products based on

product blending.

[6622] One of the difficulties with using Hgoid thermal diffusion or other field
enhanced separation methods for separations of hydrocarbon fractions is achieving a
level of throughput that is comuercially useful. Conventional roethods of using hquid
thermal diffusion have invelved building large separation devices to handle commercial
scale volumes of feed. Unfortunately, such large devices also mmvolve large residence
times for performing a separation and/or require a large footprint of equipment relative to
the amount of volumce passing through the sceparator.  Alse, the large surface arcas
required for a commercial scale separator result in high energy consumption and create
difficultics in maintaining a consistent teraperature differential betwoeen the hot and cold

surfaces of a separator.

[6023] By contrast, a lignid thermal separation according to some aspects of the
invention is designed to provide a separation in a short residence time. This may result
in a less complete separation, but allows for an iraproved throughput without requiring
addition of additives to the fluid being separated to promote the separation. The
separation can be further enhanced by adding an clectric field, such as a uniform or non-
uniform electric field, across the gap or separation volume of the separator. In some
aspects, increased volumes of a petroleum input stream can be processed by using a

plurality of separation units operating tn parallel mode.
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Contiguous, Partiallv Contiguous, and Non-Contiguous Fractions

[6024] Conventionally, when & product with a specific value for a property 18
desired, the product is generated 1u part by forming ove or more contiguous separation
fractions and blending them together. Contiguous separation fractions represent one or
more fractious that are adjacent and/or contiguous within a given separation scheme. For
cxample, consider a boiling point separation where the goal is to form a product with a
boiling range of 300°F (149°C) to 600°F (316°C). One option for forming this product is
to simply form a single fraction with this desired boiling range. By definttion, a single
fraction generated from a separation method, without further modification, 18 contiguous
with itself. Another option is to form two separation fractions, such as a fraction from
300°F (149°C) to 400°F (204°C), and a sccond fraction from 400°F (204°C) to 600°F
{316°C). Because these fractions represent adjacent boiling ranges, the fractions are

contiguous.

[B825] In still another cxample, the initial boiling point separation can result in three
fractions. The first fraction has a boiling range from 300°F (149°C) to 400°F (204°C),
the second fraction has a botling range from 400°F (204°C) to 550°F (288°C), and the
third fraction has a boiling range from 550°F (288°C) to 650°F (343°C). In this
situation, in order to blend the fractions to form a product with the desired range, all of
the second fraction is desired, but only the portion of the third fraction below 600°F
(316°C) s desired. The fractions to form the desired boiling range stil represent
contiguous fractions, as there 18 no gap between the fractions that are blended together

with respect o the feature being used for the separation.

[6026] By contrast, a situation can be considered where the first fraction with a
boiling range from 300°F (149°C) to 400°F (204°C) is blended together with the portion
of the third fraction that boils at 600°F (316°C) or less. However, the second fraction
that boils from 400°F (204°C) to 550°F (288°C) 1s not included n the blend. In this
situation, the blend is defined as a non-contiguous blend fraction, since a range of the

separation variable (boiling point) is entirely missing froro the blend.
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[6627] Still another option is that the first fraction, the portion of the third fraction
boiling below 600°F (316°C), and an undivided portion of the second fraction arc used to
form a blend. In this situation, all of the boiling ranges arc represented in the blend
fraction. However, there is less material present in the blend from the second fraction
than would be present it a separation had been performed to generate a single fraction
with a boiling range 300°F (149°C} to 600°F {(316°C). This type of blend is defined as a
partially contiguous fraction, since there is not a gap with respect to the separation

variable, but a portion of the expected matenial is missing.

[B028] The above definittions were ilhustrated using temperature (botling range) as
the variable for separation. For liquid thermal diffusion, a fraction can be defined as
contiguous, partially contiguous, or non-contiguous based on the VI of the fractions
blended together.  Alternatively, many types of liquid thermal diffusion systems are
operated so that the product fractions are withdrawn based on the height of the separation
anit.  Another option for defining coutiguous, partially coutiguous, or non-contiguous

fractions 1s based on the withdrawal height of a fraction from the scparation apparatus.

Feedstock and Separation Products

[6829] In the discussion herein, reference will be made to petroleum, chemical,
and/or hydrocarbon feedstocks.  With regard to hydrocarbon feedstocks, unless
spectfically noted otherwise, it 18 understood that hydrocarbon fecdstocks include
feedstocks containing levels of impurity atoms typically found in a feedstock derived
from a petroleum mineral source and/or a biological source. For example, a lubricant
boiling range hydrocarbon feedstock could include several weight percent of sulfur,
nitrogen, or oxygen, depending on whether the feedstock s of biological or mineral

origin as well as the specific source of the feedstock.

[6836] In some alternative aspects, a hydrocarbon foedstock composed substantially
of carbon and hydrogen can be used. In such alternative aspects, a hydrocarbon
feedstock composed substantially of carbon and hydrogen is defined as a feedstock
containing less than 1 wi% of atoms other than carbon and hydrogen, such as less than

0.5 wt% and preferably less than (.1 wit%.
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1831} A wide range of petroleum and chemical feedstocks can be separated using a
ficld enhanced separation technique, such as separation via liquid thermal diffusion in
the presence of a thermal field gradient.  Some examples of suitable feedstocks
correspond to feedstocks that correspond to distillate boiling range or heavier materials.
Such feedstocks can include, but are not imited to, atmospheric and vacuum residua,
propane deasphalted residua, e.g., brightstock, cycle oils, FCC tower bottoms, gas oils,
inchading atmospheric and vacuum gas oils and coker gas oils, light to heavy distillates
meluding raw virgin distillates, hydrocrackates, hydrotreated oils, dewaxed oils, slack
waxes, Fischer-Tropsch waxes, il in was streams, raffinates, other effluents or fractions
of effuents derived from hydroprocessing of one of the above types of feedstocks, and
mixtures of these materials, In addition, non-conventional foedstocks may be employed
such as bio based feeds or lubricants. OGther feeds may inchude polymers and/or C30+
linked molecular strearns in order to isolate key polymers and/or certain shaped linked

C30+ molecules (multiring structures that actually preserve the viscosity of single rings).

[6032] Some typical feedstocks include, for example, vacuum gas oils and/or other
feedstocks with an initial boiling point of at least 350°C (660°F), such as 371°C {700°F).
Alternatively, a feed can be characterized based on a T3 boiling point. A TS5 boiling
point refers o the teraperature at which 5 wit% of a feed will boil. Thus, a typical feed
can have a TS boiling point of at least 350°C, such as at least 371°C. The final boiling
point of the foed can be 593°C (1100°F) or less, such as 566°C (1050°F) or less.
Alternatively, a feed can be characterized based on a T95 boiling point, which refers to a
temperature where 95 wit% of the feed will boil. In some aspects, the T95 botling point
of a feed can be 593°C or less, sach as 366°C or less. In other aspects, a portion of the
feed can correspond to molecules typically found i vacuum tower bottoms, so that the
upper end of the boiling range for the feed will be dependent on the source of the

feedstock.

{3833} Other typical feedstocks include, for example, feeds with a broader boiling
range, such as feeds that also include distillate fucl boiling range mwolecules.  Such
feedstocks can include molecules having a boiling range corresponding to vacuurg
distillation bottoms, or such heavy molecules may be excluded so that the heaviest

molecules i the feedstock correspond to roolecules boiling in the vacuum gas oil ravge.
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For a feedstock inchuding distiilate fuel boiling range molecules, a typical feedstock can
have, for example, an initial boiling point of at least 200°C {392°F), such as at least
225°C (437°F) or at least 250°C (482°F). Altcrnatively, a feed can be characterized
based on a TS boiling point. A T3 boiling point refers to the temperature at which 5 wt%
of a feed will boil. Thus, a typical feed can have a TS5 botling point of at least 225°C,
such as at least 250°C or at least 275°C. In aspects where the feed does not include
molecules typically found in vacuum distillation bottoms, the final boiling point of the
feed can be 600°C or less, such as 593°C (1100°F) or less, or $66°C (1050°F) or less, or
538°C (1000°F) or less. Alternatively, the T95 boiling point of the feed can be 593°C or
tess, such as 566°C or less or S38°C or less. In other aspects, a portion of the feed can
correspond to molecules typically found in vacuum tower bottoms, so that the upper end

of the boiling range for the feed will be dependent on the source of the feedstock.

Liguid Thermal Diffusion

[6834] FIG. 1 conceptually shows the operation of a liquid thermal diffusion
scparator. In FI1G. I, a hquid thermal diffusion separator includes a hot wall or surface
110 and a cold wall or surface 120. In this conceptual example, the terms hot and cold
indicate the relative temperatures of surfaces 110 and 120, with hot surface 110 being at
a higher teraperature than cold surface 120. The hot surface 110 and cold surface 120, in
combination with a top surface and a bottom surface, define a separation volume or gap
130, In thus example, the length of the separation volume or gap 130 1s vot defined, as it
corresponds to a dimension perpendicuiar to the plane of the page. As an example, cold
surface 120 could have a temperature of 1SO0°F (66°C) while the bot surface is at a
temperature of 300°F (149°C). The direction of the temperature gradient 142 and
gravitational pull 144 1s also shown 1o FIG. 1. Typically, a Hguid thermal diffusion
separator is oriented so that the direction of gravitational pull is roughly orthogonal to
the direction of the temperature gradicnt. This allows a scparation to be performed based

on molecular shape and density.

[B035] In the conceptual example shown 1o FIG. 1, a flnd in the separation volume
or gap 130 between surfaces 110 and 120 would underge Hguid thermal diffusion due to

the temperature differential.  Molecules with higher viscosity index values, such as
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paraffins, will tend to congregate in the upper portion of gap 1306, Molecules with lower
viscosity index values, such as aromatics, will tend to congregate in the lower portion of
gap 130, Two or more outlets positioned along the vertical direction of the gap 130 can

then be used to withdraw fractions with differing viscosity index values.

Confiouration Examples — Hot and Cold Surfaces

(3036} A variety of configurations can potentially be used for the hot and cold
surfaces 1 a hquid thermal diffusion separvator.  One way of characterizing a
configuration 18 whether the scparation volume defined by the hot and cold surfaces
corresponds o a closed path or circuit. Another way of characterizing a counfiguration is
whether the hot and cold surfaces are separated by a fixed distance, a distance that varies
spatially, or a configuration that can be adjusted over time so that the separation distance

can change both temporally and spatially.

66371 FIG. 2 shows an example of a hquid thermal diffusion separator that has a
separation volume in the form of an annular gap. In FIG. 2, a separator includes an inner
cold surface 220 and an outer hot surface 210. The width for the separation volume
corresponds to the distance between the inner cold surface 220 and the outer hot surface
210. The separation volume height corresponds to the height of the annular volume

ctween the cold and hot surfaces. The separation volume length corresponds to the
length required to traverse the annular volume along a path corresponding to the
midpoint between the outer surface 210 and the inner surface 220, Thus, if a closed loop
scparation volume corresponds to an annulus between two right circular cylinders, the
separation volume length will correspond to a circumference of the circle defined by the
midpoint between the outer surface and the inner surface. Without being bound by any
particuiar theory, FIG. 2 shows an example of one possible flow mechanism that could
result in the separation observed in a liquid thermal diffusion separator. FIG. 2 shows
two separate circulation patterns 238, The circulation patterns 238 represent the
potential movement of higher density molecules down in the gap and away from the
wner cold surface 220, and the potential movemeuot of lower density molecules upward
in the gap and away from outer hot surface 218. This is one propoesed explanation for

how liquid thermal diffusion operates.
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{3838] FIG. 2 alse includes numbers 1 — 10, indicating potential outlet ports or
gutput channels for withdrawing various fractions from the separator. After a sufficient
arooust of time, such as the relaxation time for the scparator as will be described below,
the outlet ports can be used to withdraw different types of fractions from the separator.
In the cxample shown in FIG. 2, a hypothetical hubricant boiling range feed is considered
as the input. Sample product outputs based on such a hypothetical feed are shown to
tilustrate the nature of the separation. The output from a liquid thermal separation of
such a feed can ionclude high VI products such as wax or Group U / 111 lubricant base
stocks, which are withdrawn from outlet ports near the top of the separator. At lower
output ports, futermediate VI products such as alkylnaphthalenes and Group 1 lubricant
base stock can be withdrawn. The lowest ports in the separator generate low VI

products, such as extender o1l

16839) It is noted that after separation, the resulting product fractions that can be
withdrawn from the output ports roay have different flow properties, such as different
viscosities. In a continuous flow cnvironment, or in any other situation where
withdrawal of the product fractions at comparable rates is desirable, the relative sizes of
the output ports can be sclected to produce similar flow rates. For example, a waxy
product that s withdrawn from an output port near the top of a separator may have a high
viscostty relative to a Group §, Group 1L, or Group HI basestock product that is
withdrawn from a ruiddle or lower portion of the separator. To compensate for this,
output ports with larger sizes can be used for the ports near the top of the separator in

order to control the flow and/or hydrodynarmics of the separator.

[(340] FIG. 3 shows another example of a counfiguration for the hot and cold
surfaces. In FIG. 3, hot surface 310 and cold surface 320 correspond to paraliel planar
surfaces in the form of parallel plates. FIG. 3 also includes optional protrusions 341 and
342 that narrow the gap between hot surface 310 and cold surface 320 at a location. In
some aspects, optional profrusions 341 and 342 can be moved, to change the location
between the surfaces where the gap 18 narrowed.  In such aspects, the protrusions 341

and 342 can move in tandem, or the protrasions can move independently.
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[6041] In a liguid thermal diffusion separator, several geometric values are relevant
for determining the operation of the scparator. These values include the separation
volume width of the gap or scparation volurae containing the hquid being separated; the
height of the separation volume; and the teraperature differential between the hot and
cold surfaces that detfine the gap or scparation volume. In various aspects, a desirable
separation can be performed using a separator with a smaller than conveuntional value for

the ratio of separation volume height to separation volume width.

13842} The separation volume width s defined as the distance between the hot and
cold surfaces in the scparator. Typically, the separation volume width will be in a
direction that is orthogonal or roughly orthogonal to the direction of gravitational force.
In some aspects, hquid thermal diffusion separations are performed n 8 separator with a
separation volume width of at least 0.25 mm, such as at least 8.75 mam. Preferably, the
scparation volume width can be at least 1.0 mm, such as at fcast 1.25 mm. In order to
provide an effective separation based on hquid thermal diffusion, there are practical
limits to the width of the gap. As a result, the separation volume width can be 6.0 mm or
less, such as 5.0 vam or less or 4.0 mou or less. It 1s noted that the separation volume
width can vary within the gap. For a gap with a variable width, the scparation velume
width 1s defined as the width of the separation volume based on the full surface area over

which the cold surface faces the hot surface.

(6643} The height of the separation voluroe is defined as a dimeusion that s
approximately parallel to the direction of gravitational force. Additionally or alternately,
i some aspects the separation volure height can be selected to achieve a desired amount
of separation. The separation volume height can be 3.0 m (3000 mm or 9.8 feet) or less,
such as 2.5 m or less, or 2.0 m or less. The separation volume height can be at least 6.25

m {250 mum}, such as at least 0.4 m or at least 1.0 m or at least 1.5 m.

[6044] Additionally or alternately, 1o sorue aspects the ratio of the separation volume
height to the separation volume width is selected to provide a separation volume height
to separation volume width ratio of 1600 or less, such as 1000 or less or 500 or less. The
ratio of separation volume height to separation volume width can be at least 530 and

preferably at least 100 or at least 200, Selecting a ratio of separation volume height to
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separation volume width defines a balance of factors within a liquid thermal diffusion
scparator. Reducing the ratio of separation volume height to separation volume width
himits the amount of feedstock that can be processed at one time for a given value of the
third separation volume dimension. Reducing the ratio also reduces the amount of
separation. However, the relaxation time required to achiceve the separation is also
reduced. By selecting a ratio of separation volume height to separation volume width
that provides a sufficient degree of scparation while alse providing a sufficiently low
relaxation time, the throughput for an wdividual separation device can be enhanced
without requiring an excessive cquipment footprint. By using a plurality of enhanced

throughput separation devices, a coromercial scale of feedstock can be processed.

[B045] The remaining dimension of the separation volume, which is orthogonal to
the height and the width, can be referred to as the length of the gap for conventence. The
length of the gap can be any convenient amount. In order to provide a fixed definition,
for a gap that forms a closed loop {(or other closed geometric shape), the length is defined
as distance required to travel the closed loop at the average midpoint between the hot and
cold surfaces. Thus, if a closed loop separation volume corresponds to an anvulus
between two right circular cylinders, the separation volume length will correspond to a
circumference of the circle defined by the midpoint between the outer surface and the

inner surface.

[6046] For a separation volume defined 1o part by opposing hot and cold surfaces
that do not form a closed geometric shape, any convenient length for the separation
volume can be selected, so long as a desived level of fewperature control can be
maintained over the surface arca(s) of the hot and cold surfaces. In some aspects, the
opposing surfaces can be planar surfaces, such as parallel hot and cold surfaces, or
surfaces that angle toward each other. In other aspects, the opposing surfaces can be
defined by a plane, but at least onc surface can have a structural variation relative to the
plane, such as hills and valleys in the surface, protrusions emerging from the surface,
indentations  within the surface, or any other convenient types of features or
combinations of features. Still another option is to have at least one opposing surface
that is defined by multiple planes, so that a portion of the gap has a first width and

another portion of the gap has a second width.
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{60471 The temperature differential between the hot and cold surfaces can be
sclected based on a variety of considerations. One factor is to select a sufficient
temperature differential that the separation by Hgnid thormal diffusion occurs within a
desired time frame. The greater the temperature differential is between the bot and cold
surfaces, the shorter the relaxation time will be for the separation to reach separation
concentration equilibrivm. Another factor to consider is the characteristics of the liquid
being scparated. The cold surface temperature is preferably selected so that the hiquid
being separated, including the separated fractions resulting from the separation, will
remain a liquid. If the cold surface is too cold, a portion of the liquid may crystallize to
forr a solid and/or form a glass structure doring the separation. The kinetics of a hquid
thermal diffusion arc dependent on the liquid remaining in a fluid state. Thus, formation
of a solid or glass phase is not desirable.  For the hot surface, the temperature is
preferably selected so that the liquid being separated, including the separated fractions
resulting from the scparation, does not undergo thermal conversion to form coke or other
fow value products. Still another factor for selecting the termperatures is whether the
temperatures can be controlled cffectively during a separation.  For exaraple, a cold
surface with a temperature near roow femperature may save on energy cosis, but the
temperature of such a cold surface may also be difficult to control if there are
temperature swings tn the surrounding environment. Having a temperature for the cold
surface that is sufficiently different from room temperature, such as a temperature of
100°F (38°C) or 149°F (65°C), can assist with maintaining a stable temperature

ditterential between the hot and cold surfaces.

[6048] In general, the termperature differential between the hot surface and the cold
surface can be from 5°C to 500°C. From a practical standpoint, a temperature
differential of at least 50°C is preferable, such as at least 75°C or at least 100°C. Having
at least a 50°C (or at least 75°C or 100°C) temperature differential improves the
relaxation time rvequited to achieve equilibrium in a separation.  Additionally or
alternately, the temperature differential between the hot surface and the cold surface can

be 300°C or less, such as 200°C or less or 175°C or less.

[6049] In order to illustrate the benefits of a larger value for the ratio of separation

volurne width to separation volume height, a hiquid thermal diffusion separation for a
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two cormponent system 1s described below.  The principles of operation for a two
component system are similar 0 a multi-component system while providing a more

convenient mathematical form.

[B056] In a liquid thermal diffusion separation of a two component system, the

araount of separation that can be achieved 1s defined by the equation:

504L, Dpv
i w et

{(1}dc =
where Ac is the concentration difference between the two ends of a separation volume at
steady state, g is the gravitational constant, L, 18 the separation volume height, Ly 1s the
separation volume width, By is the thermal diffusivity, v is the kinematic viscosity, o is
the thermal cxpansion coefficient, and ¢ is the mnitial concentration of a compounent in
the two coroponent moixture.  As shown 1o Equation (1), the amount of separation
increases linearly with the height of the separation volume but decreases based on the
separation volume width to the fourth power. Thus, reducing the ratio of separation
volume height to separation velume width will result in a reduced amount of separation.
However, if the reduced amount of separation provided at a given ratio of separation
volume height to separation volume width is sufficient, reducing the ratio of scparation
volume height to separation volume width has advantages for the relaxation time

required to achieve the separation shown tn Equation (1),

9t {L,v)*D

23t = e
@t (graATI3)?

6051 In Equation {2}, D s the molecular diffusivity and AT is the temperature
increases as the square of the separation volume height and decreases based on the
separation volume width to the sixth power. As shown in Eguation (2), reducing the
ratio of separation volume height to separation volurae width will reduce the relaxation

time required to achieve the concentration gradient described by Equation {1},
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Electric Figld Eohancement
6852} In order to further improve the relaxation time for a separator based on liguid

thermal diffusion, avn eleciric field can be used to enbance the rate of separation. In
particular, an clectric ficld that is applied along the width of the separator can increase
the rate of diffusion for molecules within the gap based on electrophoresus for uniform

fields or diclectrophoresis for non-uniform fields.

0053 In a typical petroleam feedstock or other hydrocarbon feed, the vast majority
of molecules or particles within the feed will be newtral and will not have & net charge. If
a uniform electric ficld 1s applied to a liquid feed that contains wolecules or particles
without a net charge, the uniform electric field will have only a minimal impact on the
diffusion of molecules within the liguid. A uniform electric field may be effective for
aligning molecules with dipole moments, but no net transiational force will be exerted on

the molecules or particles in the hgud.

[6054] By contrast, diclectrophoresis corresponds to diffusion of molecules in a
von-uniform electric field based on the permittivity (1.e., cotaplex dielectric constant) of
the molecules. The clectric ficld can be a spatially varying electric field, a time varying
electric field, or a combination thereof. In diffusion based on diclectrophoresis, the
clectric ficld will induce a dipele in the various specics contained in a fluid exposed to
the electric field. While such an induced dipole will not result in a translational foree in
a uniform electric field, in a non-umiform electric figld the induced dipole can result in a
translational force based on the gradient of the field. In gencral, species with a
permittivity that is greater than the permittivity of the swrrounding medivm will diffuse
toward arcas of stronger electric field, while species with a permittivity that is less than

the surrounding medium will diffuse toward areas of weaker electric field.

[BO55] Equation 3 shows a general formula for the flux of molecules {or other
spectes) within a liquid based on various types of diffusion. In Equation 3, the flux fora
molecule or species J; {in kg/m’s) corresponds to a first terra based on mass diffusion (or
Brownian motion), a second term based on thermal diffusion, and a third term based on

dielectrophoretic diffusion.
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{3656} In Equation 3, p is the density of the fluid, Dy, 15 the mass or Brownian
motion diffusion constant for species i, and Y is the concentration of species 1 in the
fluid; Dy 1s the thermal diffusion constant {or thermal diffusivity) for species 1 and T is
the temperature; and Dg; is the electrophoretic diffusion constant for species i, and E is
the electric field. In Equation 3, the first term {correspounding to Brownian motion) tends
to cause nuxing of species within the fluid. By contrast, the second term (correspouding
to thermal diffusion) and the third term (corresponding to diclectrophoresis) tend to
provoote separation of species within a fluid. However, based only on Equation 3, the
separation promoted by the second term (thermal diffusion) is not necessarily aligned

with the separation caused by the third term {diclectrophoresis).

[GO57] In a petrolcum or hydrocarbon-type feed, paraffinic type molecules will tend
to have smalier wduced dipoles while arorsatic wolecules will tend to have larger
induced dipoles. As a result, a properly aligned non-uniform electric field can be used to
enhance a hiquid thermal diffusion process. A non-untform electric field with lower ficld
near the hot wall will tend to enhance the diffusion of paraffins foward the hot wall
Sumilarly, a higher electric field near the cold wall will tend {fo enhance the diffusion of

aromatics toward the cold wall,

[60S8] A wvaniety of potential configurations are available for providing a
nor-uniform electric ficld in the gap between the hot and cold surfaces of a separator
using lquid thermal diffusion. One option is to simply use an electric ficld geoerator
that can generate an oscillating electric field, which results in temporal field variations.
This would allow for generation of a varying electric field even if the electrodes
generating the field were two parallel plate clectrodes. Additionally or alternately, a

number of options arc available for gencrating a spatially varying electric ficld.

[6059] One simple example of a spatially varying clectric field is to use a plate
clectrode on one side of the gap and one or more point electrodes {(or approximately
point electrodes, such as rods, small spheres or hemispheres, or dimples) on the other

side of the gap. FIG. 4 shows an example of the clectric ficld generated from having a
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plate electrode on one side of the gap and a point electrode on the other side. In FIG. 4,
lines of constant E ficld are shown between the point electrode and the plate electrode.
Instead of using one point electrode, any convenicnt nuraber of clectrodes with surface
arca facing the plate can be used. In a himiting case, a sufficient number of point, rod,
small sphere, ete. electrodes could replicate the ctfects of a plate clectrode, resulting in
tittle or no spatial variance in the electric ficld. However, as long as the width of the gap
is not substantially larger than the spacing between electrodes (such as 50 times larger or
100 times larger), using a plurality of point electrodes will result n a spatially varyiog
clectric ficld with gradients that can induce dielectrophoretic diffusion.  Still other
combinations of point source electrodes, (or approximate poiot sources), small plate

electrodes with distances between the plates, and or protruding clectrodes can be used.

[3360] FIG. 5 shows an example of a point, rod, small sphere, or dimple electrode
configuration that can be used to enhance a hguid thermal diffusion separation. The
exaraple shown in FIG. 5 represents only one of two electrodes. The opposing surface
can have any convenient type of electrode, such as a plate electrode. The example
shown 1n FIG. 5 uses a plurality of point {or approxirsately point) electrodes to form a
triangular shape. The descending hypotenuse of the triangle resuits in an clectric ficld
gradicut that can assist molecules with larger induced dipole moments 1o traveling to the

bottom of the separator.

Nenaration Products

[6061] A ficld enhanced scparation can be used to generate a plurality of products,
and preferably at least three products, from an input feed to a separator. Sumilar to a
fractionator, the plurality of products can be withdrawn from a hquid thermal dittusion
separator at various heights. The number of different products withdrawn from a
separator can depend on the types of desired products and the nature of the input feed to

the separator.

(062} In an aspect where a gencral separation of a lubricant botling range feed 1s
desired, a variety of products can be derived using a field enhanced separation, such as a

separation based on liquid thermal diffusion. The separation can generate one or more
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wax fractions; one or more basestock fractions, including one or more fractions for
various types of bascstocks, such as Group 1 or Group IVHI basestocks; one or more
other fractions such as alkylnaphthalenc fractions or diesel fractions; one or more
extender oil fractions; and/or a combination of any of the above. In some aspects, an
fractions that roughly correspond to various viscosity index (V) components of a feed.
In the list of fractions mentioned above, the wax fractions represent the highest Vi
coraponents, with Group IVIH basestocks being next highest in VI The trend from high
to fow VI can continue down through the various fractions to the extender oil, which

represents the lowest VI fraction.

[6063] One example of a use for 4 field enhanced separation (such as a hiquid thermal
diffusion separation) is to debottleneck existing solvent extractions units. Using a field
enhanced separation can allow for lower severity conditions and an increase in yicld
across existing solvent extraction umis. For exarople, a hiquid thermal diffusion
separator can operate on the back end of a solvent extraction unit to upgrade the resulting
viscosity index (VI) of the raffinate. This can allow the solvent extraction unit to operate
at a lower severity. The liquid thermal diffusion separator, which is more selective for
separating based on Vi, can then perform a final separation to achieve a desired VI valae.
This can allow for an increase in vield at a given VI value. In addition to upgrading the
VI of the resulting raffinate, a field enhanced separation method can also dewax the
raffinate at the same time to produce wax in addition to other products (t.e. Group I

lube, Group H lube, alkylnaphthalenes, Group 1 lube and extender oil).

[(864] A field enbanced separation process {such as liquid thermal diffusion} can
also operate on the exiract stream from a solvent dewaxing unit to scparate out desirable
hubricant boiling range molecules and/or high VI components from the extract stream.
Without being bound by any particular theory, it is believed that 10%-30% of high VI
components are left behind in the extract of a typical solvent dewaxing process due to the
frperfect separation guality of the solvent extraction process. By separating out high Vi
components from the extract, the resulting yield of Group I, 11, or I lube is increased. o
addition, the inventive process may also scparate out alkylnaphthalenes and extender oil

from the exiract at the same time as separating out the high VI coraponents.
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[3865] More generally, a field enhanced separation process {such as a Hquid thermal
diffusion separation process) can be used to replace a solvent extraction and/or solvent
dewaxing process i a process flow. Both exiraction and dewaxing scparations can
occur during one stage of a field eshanced separation. In addition, further processing
such as deotling of wax is typically not necessary duc to the multiple product output

streams that can be generated.

[6066] Another option 18 to use a hiquid thermal diffusion separator to operate on a
ship stream to produce products of special quality and/or high value which are of limited
dermand. The imvention may alse provide blend stocks at a comapetitive price on an

integrated project economic basts.

[6667] Still another option is to use a liguid thermal diffusion separator to reroove
material  that counld produce deposits, such as potential contaminant materials
encountered in used lubricant streams and bio-derived streams.  In this aspect, the ficld
enhanced separation would serve as a pretreatment step. A field enbanced separation

may also be used to isolate desired polymers from a polymer stream.

[(3068] A field enhanced separation may also isolate linked ring structures {Cro) from
a feed. The linked ring structures can assist in preserving the viscosity of single ving
structures. However, in a conventional scparation process, linked ring structures are
often scparated from single ring structures basced on boiling point differences or
solubility differences. A field enhanced separator can that generates muitiple products

can include one product outflow that is enriched in the desired linked ring structures.

[(30369] A ficld enhanced scparation may include various strategies to perform a
separation and/or concentrate a deswred componeut. Such strategies roay onclude multi-
staging, skinuming, reverse skimming, and recycling. In order to achicve a desired yield
of varicus products, multi-staging may occur such that more than onc process step is
emploved. Al products, a subset of products, or a combination of blend components
from one unit or stage may onter into a sccond unit or stage as incoming feedstock.

Muttiple stages may be employed to achieve the desired end result.
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{6870} Skimaroing way occur ou a feedstock to selectively remove a desired
component from the bulk feed (e, wax). The feedstock may be any feed containing the
desired component (i.e. crude, VGO, raffinate, bio based feeds, etc.). In contrast, reverse
skimming may include removing the bulk unwanted component(s) from the feedstock,
such as multi-ring aromatics, so as to concentrate high VI components. Reverse
skimming may be combined with multi-staging such that after the bulk unwanted
components are removed in the first stage, the desired components can be further
separated or refined in subsequent stages. Skimmuing way also be corabived with multi-

staging.

16671 Recycling is another sirategy to concentrate a desired component.  For
thermal electric diffusion separator may contain wax or highly paraffinic components.
may be desired to separate out all the possible wax molecules in the bulk feedstock. Asa
resulf, one strategy is to collect both as much wax and as much oil n wax as possible by
taking products from the first several ports as opposed to just the top port which may be
essentially oil free and pure wax., In order to remove the oil in wax from the ports of
interest, it is necessary to recycle a portion of the stream to further refine the wax and
reruove the ol This wethod is a strategy to vot only separate out more wax molecules
from a feedstock but also a strategy to concentrate the wax such that it is deotled with no

additional processing steps reqguired.

166721 Combinations of strategies may be employed and desired to achieve
necessary yields or specific products.  lo addition, strategics may be used to blend
components or molecular classes from the various product ports together in various
combinations to achieve desired viclds, product composition of roatter, and product
performance. Furthermore, the strategy of blending componeunts from vartous ports may
¢ done in combination with multi-staging, skimming, reverse slkamming, and recycling.
For example, blends from one processing step may be used as feed for a second

srocessing step, a blend mav be skimmed or reverse skimmed as well as recveled.
i e Lo o

{6873} In addition to the above strategies, the resulting fractions or products from

thermal diffusion or thermal electric diffusion can be combined to form various non-
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contiguous or partially contiguous fractions. Forming partially contiguous or non-
contiguous fractions can be beneficial for a variety of reasons. Onc option is to use a
non-contiguous fraction to allow multiple products to be gencrated that share a first
property, but that differ in a second property. For example, it may be desirable to
separate a distillate or lubricant base oil boiling range feed to form multiple fractions that
have substantially the same viscosity index, but that are different in a second property.
The sccond property can be total product yield; one or more compositional indicators
meluding but not limited to total aromatics countent, the content of a particular type of
aromatic (such as l-ring aromatics, 2-ring aromatics, 3-ring aromatics, or multi-ring
aromatics), aliphatic sulfur, total S, total N, or the ratio of aliphatic sulfur to total sulfur;
or onc or more performance indicators, including but not limited to oxidation stability,

eposit tendency, Noack volatiity, or a cold flow property such as pour poiot or cloud
point; or a combination thereof. In this situation, a first contiguous fraction can be used
that matches the desired first property value. This can represent a single fraction from
the Heuid thermal diffusion separator, or a contiguous / partially contiguous blend from
the separator. A sccond non-contiguous fraction is then formed that has a value for the
fivst property that is substantially similar to the value for the contigoous fraction. Two
values are defined to be substantially similar if the valucs differ by less than 2.5%, such
as by less than 2.0% or less than 1.5%. For the description herein, the percentage
difference between two values is defined as {(<contiguous property value> - <non-

contiguous property value™) / <contiguous property value>.

[6074] In addition to having simoilar values for the first property, the contiguous /
partially contiguous fraction and the non-contiguous fraction have values for a second
property that differ by at least 5.0%, such as at least 7.5% or at lcast 10%. The same
definition s used for determuning the perceuntage differcuce m values for the second

property.

[B875] Either the first property or the second property can be any convenient
property of interest.  Exaraples of suitable propertics for the first property or the second
property include total product yield and/or compositional / performance indicators, such
as viscosity index, viscosity at 100°C, viscosity at 40°C, pour point, cloud point, Noack

volatility, oxidation stability, depostt tendency, weight percentage of sulfur, ratio of
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aliphatic sulfur fo total sulfur, weight percent of nitrogen, weight perceotage of
aromatics, or weight percentage of a particular class of aromatics {such as l-ring
arornatics, 2-ring aromatics, 3-ring arornatics, or muli-ring aromatics). I is noted that
for properties that correspond to a temperature value, such as pour point or cloud point,
the calculation of the percentage difference should be performed using an absolute
temperature scale. Thus, pour point or cloud point temperatures should be expressed in

Kelvin rather than degrees Celsius when determining a percentage difference.

[3876] As another example, non-contigunous and/or partially contiguous blend
fractions can be used to create an cnhanced yicld of a product with a given property.
Conventionally, the method for maximizing yield of a product with a given property
value 18 to separate out the largest contiguous fraction that has the desired property value.
This strategy can be conventionally used with ecither a botling point separation or a liquid

thermal diffusion separation.

{6877} An alternative strategy for increasing vield is to form a non-countiguous
fraction that has the desired property, so that the non-contiguous fraction can be
combined with a contiguous or partially contiguous fraction that also has the desired
property. In a sense, this corresponds to having a contiguous {or partially contiguous)
fraction and a non-contiguous fraction that have a substantially simtlar value for a first
property. The second “property” in this situation is the yield of product with the first
property.  The yield of product for the combination of the coutiguous and nou-
contiguous fraction can be greater than the maximum yicld for a contiguous fraction
having the desired property value,

[B078] It is noted that in this alternative strategy for mmproving yield, if the non-
contiguous fraction simply represents end fractions on either side of a middle contiguous
fraction, the requirement of increasing yield will not be satisfied. Instead, the yields
should be identical for the comparison of the middie contiguous fraction plus end non-
contiguous fraction case versus the single large contiguous fraction case. Thus, an
additional implied constraint on this embodiment is that combining the nov-coutiguous
fraction with the contiguous fraction should resuit in an overall fraction that is either

partially contiguous or preferably non-contiguous.
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Conficuration Example — Paralle] Plates with Spattally Varving Electric Field

[6879] FIG. & shows an example of a separator that can use both hquid thermal
diffusion and dielectrophoresis for separation of a petroleurn or hydrocarbou feedstock.
In FIG. 6, a scparator 600 can be used for continuous scparation of a feedstock into a
plurality of product fractions. Separator 600 includes a hot surface 610 and a cold
surface 620 that arc parallel to each other. In the example shown in FIG. 6, hot surface
610 corresponds to the surface of an optional protective layer 611, to prevent interaction
between hot surface 610 and the fluid being separated. A similar optional protective
layer could be used to protect cold surface 620. The bulk material 615 behind hot
surface 610 includes a plurality of heating fluid channels 616 to provide temperature
control for hot surface 610 viag heat exchange. The heating fluid channels represent one
possible structure for heating elements to heat a surface in a field enhanced separation.
Other alternatives for heating clements include resistive heaters located in the bulk
material at or behind surface 610 or any other heating mechanmsm that allows the
temperature of hot surface 610 to be maintained at a desired level. The temperature of
cold surface 620 can be controlled 1o a similar mavner. Aoy convenient fluid can be
used as the heat exchange fluid in channels 616, such as steam or any heat transfer fhaid,

such as cthylene glycol and/or silicone heat transfer fluid hike Syltherm.

[BO8G] The distance between hot surface 610 and cold surface 620 {(or between
optional protective surfaces 611) defines a gap or width 650, The fluid for separation s
passed in a continuous manner into gap 650, The separation occurs as the fhud flows
through the chanvel corresponding to the gap. In FIG. 6, the flow direction for this
channel is perpendicular to the plane of the page. The width of the gap 650, or
alternatively the distance between hot sorface 610 and cold surface 620, can be

controlled using an adjustable spacer or spacers 660,

(G081} In the example shown in FIG. 6, the bulk material 615 behind hot surface 610
serves as a plate electrode for forming an clectric field across gap 650. Instead of having
a plate clectrode on the opposite side, a plarality of point electrodes 670 or other
electrodes corresponding to small protrusions extending past cold surface 620 are used.

These small protrusion or point electrodes 670 can correspond, for example, o
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protrusions from a circuit board that resides behind cold surface 620, Using a plurahity
of point clectrodes 670 opposite a plate electrode {corresponding to bulk material 615)
results in a spatially varying clectric ficld across gap 650. Either an AC or DC current

can be used to charge the electrodes.

(6082} As an example of bow to covstruct a separator, some representative distances
can be provided for the elements shown in FIG. 6. The width of gap 650 can be between
0.25 nmum and 6.0 mun. The optional protective layer 611 can be 0.4 rom, so the spacers
660 can change in width from 0.8 mm to 4.4 mm. The hetght of the channel can be 22
mches (559 mun). This would lead to ratios of gap height to separation volume width of
from 2200 (at a width of 0.25 mm} to 193 {at a width of 6.0 mm}. Preferably, the
separation volume width can be selected to be at least 1.22 mmy, to producce g gap height
to separation volume width ratio of 500 or less. The length (perpendicular to the plane of

the page) for gap 650 can also be 16 inches (406 mm).

[3883] During operation, the fluid flow rate can be selected to provide a desired
residence time for a fluid as it passcs through the channel corresponding to gap 650. A
desired residence time could range from 4 hours to 40 bhours, depending on the
corresponding relaxation time required for scparation of the fluid in the channel to reach
equilibrium. A plurality of products can be withdrawn from the exit of the channel {not
shown}. For example, 7 output ports can be used to withdraw 7 different products from
the chaouel, with the top output port generating the highest VI product and the bottorm

output port generating the lowest VI product.

{6084} As examples of suitable materials for constructing a separator, the material
tor forming cold surface 620 {(and for contamning clectrodes 670} can be a matenal such
as polyethyl ether ketone (PEEK). Such a material is non-conductive and will not react
with typical petroleum or hydrocarbon feedstocks. The protective layer 611 can be a
glass material or another waterial that is non-reactive and non-conductive in the
separation envirorument, The bulk material 615 can be a material with suitable heat
transfer and electrical properties, such as PEEK. The spacers can be made of a suitable

material, such as Viton® gasket material.
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Fxamnle 1 — Separation by Liguid Thermal Diffusion of Dewaxed Vacuum Distillate

[B085] In this example, a comparison is made between the products that can be
derived from a feed using solvent dewaxing relative to the products that can be achieved
using liquid thermal diffusion for performing a scparation. For comparison purposes, a
130N dewaxed vacuum distiliate was solvent extracted n a couventional solvent
extraction process. Based on the results, the potential raffinate yield and VI
combinations for the process were estimated for a process mcluding 5 — 7 theoretical
stages. As shown in FIG. 7, the selected solvent extraction conditions were predicted to
result in a 60% vicld of a 91 VI product at 5 — 7 theoretical solvent exiraction stages. In

the limiting case, a maximum possible product VI was predicted, at a yield of 50%.

[6086] A sample of the 130N dewaxed vacuum distillate was also separated into
fractions by hquid thermal diffusion. A thermal diffusion column was used to perform
the separation. The annular volurmae for performing the scparation had a separation
vohume width of less than .33 mm, a height of 72 inches, and a load volume of 30 mi.
The teraperature differential between the hot and cold surfaces was 200°F. The separator

included 10 output ports for withdrawing product fractions from the separator.

[6087] After performing the separation for 18 hours, product fractions were
withdrawn from the separator using the output ports. Based on the number of product
fractions that were combined into the product, scveral different products could be
generated.  As shown in FIG. 7, for the highest VI product, a 46% vyield of 125 VI
product was achieved. As noted above, a product with a VI of 125 is a product that
cannot be generated from the 130N dewaxed vacuum distillate feedstock via solvent
extraction / dewaxing. By including a larger portion of the separation products into the
high VI product, a 64% yield of a 100 VI product or a 69% vyield of a 91 VI product
could alse be achicved. Based on the results from the solvent dewaxing, use of a liquid
thermal diffusion separation can provide a 9% yield increase at a constant product VI of

@1, or a 4% yicld increase and ¢ VI improvement for the 100 VI product.
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Example 2 — Separation by Liguid Thermal Diffusion of Dewaxed Lubricant Base Stock

Feed

[6088] Coluran separators for performing hquid thermal diffusion separations as
described above were used to perform separations on a Group 1 basestock with a VI of
95 for various lengths of time. The separation tivoes were 18 hours, 43.5 hours, 89 hours,
and 185.5 hours. The temperature differential between the hot and cold surfaces was

130°F to 190°F.

[6089] In the following discussion, port | of the separator corresponds to the fop
output port and port 10 corresponds fo the lowest output port.  Afier the desired
separation time for each run, products were withdrawn from cach of the 10 ports. The
product fractions from ecach port were tested to determine kinematic viscosity at 40°C
and 100°C, pour point, and cloud point. During the scparations, the output fractions
from ports 1 — S reached equilibrium i 20 hours or less. By contrast, port 9 did not
reach equilibrium until 90 hours. Part of the difficulty in reaching equilibrium for the
product fractions corresponding to the higher numbered ports may be due to difficultics
in achieving a uniform temperature profile.  During the separations, a umniform

temperature profile was not achieved until 18 hours into the separation.

[G09¢] FIG. ¥ shows the viscosity index (V1) for the products fractions withdrawn
from ports 2, 5, and 9 for various run lengths. The vertical axis shows the VI for the
product fraction while the horizontal axis shows the run length for the corresponding
scparation. As shown in FI1G. 8, liquid thermal diffusion was effective for separating the
Group | lube feedstock into higher and lower VI product fractions. The output from port
2 corresponded to a product fraction with increased VI relative to the feed VIof 95, The
product VI for the port 2 fraction ranged from 130 at 18 hours to 150 at 180 hours. The
gutput from port 5 also showed an increased VI relative to the feedstock, with VI vahies
between 100 and 110 depending ou the run length. Port 9 showed the largest changes
with increased run length. For the run lengths at 20 and 43.5 hours, the VI of the port 9
product fraction between 60 to 70. At 30 hours and louger, however, the VI for the

product fraction from port 9 dropped to 10 or less.
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{6091 FIG. 9 shows the lubricant basestocks that can be formed by combining the
gutput fractions from various ports. In FIG. 9, the yvield of a lubricant basestock having a
particular VI value is shown. The farthest right points in the plot represent a product
fraction generated by combining the output of ports 1 and 2 from the scparator. This
resulted 1 a 20% vicld of a basestock with Group HI+ cquivalent VI At shorter fimges,
such as 20 hours or 43.5 hours, a 20% vield of a 143 or 145 VI basestock was achieved.
The separation with a run length of 89 hours resulted in a 20% yicld of a basestock with
a VI of 155, For the 18 hour run length, separating out 20% of the feedstock with a 143
VI resulted in a remaining portion corresponding to 80% of the feedstock that had an 82

VI

6892} The middle set of data corresponds to forming a basestock from the product
fractions of ports 1 — 5. This resulted in a 50% vield of a basestock with VI equivalent to
a Group III basestock. Again, the VI of this fraction increased with increasing run
length, with a VI of 122 at 20 bours versus a VI of 135 at 89 hours. The leftroost set of
data corresponds to forming a bascstock from the product fractions of ports 1 — 6. This
resulted 1o a 70% yield of a basestock with VI equivalent to a Group I+ basestock, with

VI values ranging from 110 (20 hours) to 120 (89 hours).

Example 3 — Example of Non-Contizuous Blend

[B093] In this cxample, a lubricant bolling range feed is scparated using a therrmal
diffusion separation apparatus similar to the apparatus in Example 2. In this example, it
is desired to create multiple output fractions that have a VI of 117 +/- 2.53%. In this
example, the fraction from port 2 of the separator corresponds to the desired VI A
second product with the desired VI is formed by blending the fraction from port 1, the
fraction from port 3, and 85% of the fraction from port 4. Table 1 shows the properties

of the feed, the fraction from port 2, and the non-contiguous blend fraction.
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Table §

Description Saturates | Aromatics | Total S| Ratio of Aliphatic | Total N | VI
{wi% (Wt} {(wi¥e) | StoTotal § {ppm)

Feed 81.2 i7.1 0.430 0.672 27

Port #2 fraction | 85.8 13.2 0212 8.759 8.6 117

Blend fraction | 854 129 $0.232 0.797 It 1ig

6894} As shown i Table 1, two scparate output fractions with a desired VI are

formed. The difference in VI between the two samples, per the method of calculation
defined above, 18 (F17-1193/ 117 = 1.7%. In this cxample, the ratio of aliphatic sulfur to
total sulfur represents a secoud property within the output fractions. The difference 1o
aliphatic sulfur to total sulfur ratio i (0.759 - 0.797) / 0.759 = 5.0%. Thus, two separate
output fractions are formed, with a first property (V1) that differs by less than 2.5%, such

as less than 2%, while a sccond property {aliphatic 8 / total 8} differs by at least 5.0%.

[3895] Tables 2 and 3 show examples of how the ports from a thermal diffusion unit
(TDU) can be used to gonerate a desired product. In this example, the desired product is
a lubricant basestock output with a Viof 117, In the TDU, the port heights are adjusted
so that Port 2 generates the desired product. Table 2 shows the output from ports 1 to 4
of the TDU. v a typical configuration, the thermal diffusion separation of the feed

results in only 3 mli of the desired product.

Table 2
Feed Charge: Port 1 Port 2 Port 3 Port 4 Upgraded Vi
30 mi Product
TDU Port 3 ml Iml Imi 3ml
Cutput
Port# 2 3Imi Imi 117
Product

[3(96] Table 3 shows an alternative method for using the output from the same ports
for a TDU. In the configuration corresponding to the outputs in Table 3, the outputs

from ports 1, 3, and 4 are combined to generate additional amounts of the desired
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product. As shown in Table 3, in this example a blend using nou-coutiguous fractions
{ports 1, 3, and 4) produces a product which has the same desired property VI as the
product fraction from port 2. The vield of this second blend is 6.8 ml. Thus, the total
yield of the desired product with 117 V1is 9.8 ml, as opposed to the 3 mli yield from only

the port 2 product.

Table 3
Feed Charge: Port 1 Port 2 Port 3 Port 4 Upgraded Vi
30 mli Product
TDU Port 3Imi 3ml 3 mi 3 mi
Gutput
Blend # 1 2.4 md 2.4 ml 2 ml 6.8 mi 119
Port#2 3Imi 3mi 117
Product
Total Final 11.5ml
Product

Use of Multinle Separation Units for Laree Scale Separations

[3097] In order to achieve commercial scale volumes using liquid thermal
separations, a plurality of separation units can be used in tandem to separate a large fnput
flow. For exaraple, an tnput manifold can be used to distribute a large volume of
feedstock to a plurality of separation units that cach handle a portion of the flow. After
performing a separation, the resulting product outputs can be combined using another

manifold structure.

Combination of Liquid Therrual Separation and Hydroprocessing

[(098] In some aspects, Hquid thermal separation can be used as a complement to
various types of hydroprocessing for producing desived produocts, such as lubricant base
oils. Counventional hydroprocessing methods rely on separations based on botling range
for separating products generated during hydroprocessing.  Liquid thermal separation

allows for separation based on alternative characteristics, such as moelecuiar shape and
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density.  This type of aliervative separation can be iutegrated with various types of

hydroprocessing reactions.

[3099] Iln the discussion berein, a stage can correspond fo a single reactor or a
plurality of reactors. Optionally, multiple parallel reactors can be used to perform one or
more of the processes, or multiple parallel reactors can be used for all processes n a
stage. FHach stage and/or reactor can inchude one or more catalyst beds containing
hydroprocessing catalyst. Note that a “bed” of catalyst in the discussion below can refer
to a partial physical catalyst bed. For example, a catalyst bed within a reactor could be
filled partially with a hydrocracking catalyst and partially with a dewaxing catalyst. For
convenience in description, even though the two catalysts (such as a hydrocracking
catalyst and a dewaxing catalyst) may be stacked together i a single catalyst bed, the

two catalysts can each be referred to conceptually as separate catalyst beds.

[G81608]  Various types of hydroprocessing can be used in the production of distiliate
fuels and/or lubricant base oils from a mineral or biocomponent oil feed. Typical
processes include hydrocracking processes to provide uplift in the viscosity index (VI of
a feed; dewaxing processes to improve cold flow properties, such as pour point or cloud
point; hydrotreatnent processes to reduce the amount of sulfur, nitrogen, and other
umpurities in a feed; and hydrofinishing or aromatic saturation processes for removing

aromatics and olefins from a feed.

Hydrotreatment Conditions

[68101]  Hydrotreatment s typically used to reduce the sulfur, wtrogen, and/or
aromatic content of a feed. The catalysts used for hydrotreatment can include
conventional hydrotreatment catalysts, such as those that comprise at least one Group
VI non-noble metal (Columns & ~ 10 of FUPAC periodic tabie), preferably Fe, Co,
and/or Ni, such as Co and/or Ni; and at least one Group VI metal (Column 6 of TUPAC
periodic table), preferably Mo and/or W. Such hydrotreatment catalysts optionally
mnclude transition metal sulfides that arc impreguoated or dispersed on a refractory support
or carrier such as alumina and/or silica. The support or carrier itself typically has no

significant/measurable catalytic activity. Substantially carrier- or support-free catalysts,
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commonly referred to as bulk catalysts, generally have higher volumetric activities than

their supported counterparts.

{61021  The catalysts can either be in bulk form or in supported forra. In addition to
alumina and/or silica, other suitable support/carrier materials can include, but are not
hmited to, zeolies, fitania, silica-titania, and titams-slurmina.  Swuiiable aluminas are
porous aluminas such as gamma or cta having average pore sizes from 50 to 200 A, or 75
to 150 A; a surface area from 100 to 300 m*g or 150 to 250 mz/g; and a pore volurae of
from 0.25 to 1.0 cm’/g, or 0.35 to 0.8 cm’/g. More generally, any convenient size, shape,
and/or pore size distribution for a catalyst suitable for hydrotreatment of a distillate
(including lubricant base oil} boiling range feed in a conventional manner may be used.
It is within the scope of the present invention that more than one type of hydroprocessing

catalyst can be used in one or multiple reaction vessels.

[60103] The at least one Group VIH non-noble metal, in oxide form, can typically be
present in an amount ranging from 2 wt% to 30 wt%, preferably from 4 wt% to 15 wt%.
The at least one Group VI metal, in oxide form, can typically be present in an amount
ranging from 2 wit% to 60 wit%, preferably from 6 wi% to 40 wit¥s or from 10 wi¥% to 30
wi%. These weight percents are based on the total weight of the catalyst. Suitable metal
catalysts include cobalt/molybdenum {1-10% Co as oxide, 10-40% Mo as oxide),
nickel/molybdemum (1-10% Ni as oxide, 10-40% Co as oxide), or nickel/tungsten

{(1-10% Ni as oxide, 10-40% W as oxide) on alumina, silica, silica~alumina, or titama.

[30104] The hydrotreatraent is carried out in the presence of hydrogen. A hydrogen
stream is, therefore, fed or injected into a vessel or reaction zone or hydroprocessing
zone in which the hydroprocessing catalyst is located. Hydrogen, which is contained in a
hydrogen “treat gas,” is provided to the reaction zone. Treat gas, as referred to in this
invention, can be cither pure hydrogen or a hydrogen-containing gas, which is a gas
strearn containing hvdrogen in an amount that is sufficient for the intended reaction(s},
optionally including one or more other gasses {¢.g., nitrogen and light hydrocarbons such
as methane), and which will not adversely mnterfere with or atfect either the reactions or
the products. Impurities, such as H28 and NH» are undesirable and would typically be

rernoved from the treat gas before it is conducted to the reactor. The treat gas strearn
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wmtroduced into a reaction stage will preferably contain at least 30 vol. % and more

preferably at least 75 vol. % hydrogen.

[G81058]  Hydrogen can be supplied at a rate of from 100 SCF/B (standard cubic feet of
hydrogen per barrel of feed) (17.8 Nm'/m’} to 10000 SCF/B (1781 Nm'/m”). Preferably,
the hydrogen is provided in a range of from 200 SCE/B (34 Nm'/m’) to 1500 SCF/B
(253 Nm'/m’). Hydrogen can be supplied co-currently with the input feed to the
hydrotreatment reactor and/or reaction zone or separately via a scparate gas conduit to

the hydrotreatment zone.

[68166] Hydrotreating conditions can include temperatures of 200°C to 450°C, or
313°C to 425°C; pressures of 250 psig (1.8 MPag) to 5000 psig (34.6 MPag) or 300 psig
(2.1 MPag) to 3000 psig (20.8 MPag); liquid hourly space velocities {LHSV) of (.1 hr
Yo 10 hr''; and hydrogen treat rates of 100 sef/B (17.8 w’/m’) to 10,000 scf/B (1781
m/m’), or 500 (89 m/m’) to 10,000 sef/B (1781 m’/m").

Hyvdrocracking Conditions

[681071  Hydrocracking of a feed s typically performed when conversion of higher
boiling molecules 1n a feedstock to lower boiling molecules is desired. During such a
conversion process, other properties of a feedstock may alse be affected, such the
viscosity index of a feed. Conversion of the feed can be defined in terms of conversion
of molecules that boil above a temperature threshold to molecules below that threshold.

The couversion temperature can be any convenient teraperature, such as 700°F (371°C).

[68108] Hydrocracking catalysts typically contain sulfided base metals on acidic
supports, such as amorphous silica alumina, cracking zeolites such as USY, or acidified
alumina. Often these acidic supports are mixed or bound with other metal oxides such as
alumina, titania or silica. Non-limiting examples of metals for hydrocracking catalysts
melude mickel, nickel-cobalt-roolybderum, cobalt-molybderum, nickel-tungsten, nickel-
molybdenum, and/or  nickel-molybdenum-tungsten. Additionally or alternately,
hydrocracking catalysts with noble metals can also be used. Non-limiting examples of

noble metal catalysis include those based on platinum and/or palladiurn. Support materials
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which may be used for both the noble and non-noble wetal catalysts can comprise a
refractory oxide material such as alumina, silica, alumina-silica, kieselguhr, diatomaceous
carth, roagnesia, zirconia, or combinations thercof, with alumina, silica, alumina-silica
being the most common (and preferred, in one embodiment). It is noted that some
conventional hydrotreating catalysts are also suitsble for performing hydrocracking under

sufficiently severe conditions.

[G8109]  In various embediments, the conditions sclected for hydrocracking for
fubricant base oil production can depend on the desired level of conversion, the level of
cornttaminants in the input feed to the hydrocracking stage, and potentially other factors.
A hydrocracking process performed under sour conditions, such as conditions where the
sulfur content of the input feed to the hydrocracking stage 1s at least 500 wppm, can be
carried out at temperatures of S50°F (2RRC) to B40°F (449°C), hydrogen partial
pressures of from 250 psig to 5000 psig (1.8 MPag to 34.6 MPag), liguid hourly space
velocities of from 0.85 bl to 10 b7, and hydrogen freat gas rates of from 35.6 m/m’” to
1781 m/m’ (200 SCEF/B to 10,000 SCF/B). In other embodiments, the conditions can
wchude temperatures in the range of 600°F (343°C) to 815°F (435°C), hydrogen partial
pressures of from 500 psig to 3000 psig (3.5 MPag-20.9 MPag), hquid hourly space
velocities of from 0.2 b7 10 2 h! and hydrogen treat gas rates of from 213 m’/m’ to 1068

mm’ (1200 SCF/B to 6000 SCF/B).

[06118] A hydrocracking process performed under non-sour conditions can be
performed under conditions similar to those used for a first stage hydrocracking process,
or the conditions can be different. Alternatively, a non-sour hydrocracking stage can
have less severe conditions than a similar hydrocracking stage operating under sour
conditions.  Suttable hydrocracking conditions can include teruperatures of 550°F
(2RE°C) to R4AQ°F (449°C), hydrogen partial pressures of from 250 psig to 3000 psig (1.8
MPag to 34.6 MPag), liquid hourly space velocitics of from 0.05 h™ to 10 b, and
hydrogen treat gas rates of from 35.6 m'/m’ to 1781 m'/m’ (200 SCF/B to 10,000
SCF/B). In other embodiments, the conditions can include temperatures in the range of
600°F (343°C) to 815°F (435°C), hydrogen partial pressures of from S00 psig to 3000
psig (3.5 MPag-20.9 MPag), liquid hourly space velocities of from 0.2 h' to 2 h'' and
hydrogen treat gas rates of from 213 m'/m” to 1068 m'/m” (1200 SCF/B to 6000 SCE/B).
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Io sowe embodiments, multiple hydrocracking stages mway be preseot, with a first
hydrocracking stage operating under sour conditions, while a second hydrocracking stage
operates under non-sour conditions and/or under conditions where the sulfur level is
substantially reduced refative to the first hydrocracking stage. In such embodiments, the
temperature in the second stage hydrocracking process can be 40°F (22°C) less than the
temperature for a hydrocracking process in the first stage, or RO°F (44°C) less, or 120°F
{66°C) less. The pressure for the second stage hydrocracking process can be 100 psig
(690 kPa) less than a hydrocracking process 1 the first stage, or 200 psig (1380 kPa)
less, or 300 psig (2070 kPa} less.

[60111] In still another embodiment, the same conditions can be used for
hydrotreating and hydrocracking beds or stages, such as using hydrotreating conditions
for both or using hydrocracking conditions for both. In vet another embediment, the

pressure for the hydrotreating and hydrocracking beds or stages can be the same.

Catalvtic Dewaxing Process

{81121 Iuv order to enhance diesel production and to improve the quality of hubricant
base oils produced from a reaction system, at least a portion of the catalyst in the reaction
system can be a dewaxing catalyst. Suitable dewaxing catalysts can include roolecular
sicves such as crystalline aluminosilicates (zeolites). In an embodiment, the molecular
sicve can comprise, consist essentially of, or be ZSM-5, Z8M-22, Z8M-23, ZSM-35,
ZSM-48, zeolite Beta, or a combination thereof, for example ZSM-23 and/or ZSM-48, or
£5M-48 and/or zeohite Beta. Optionally but preferably, molecular sieves that are
selective for dewaxing by isomerization as opposed to cracking can be used, such as
ZSM-48, zeolite Beta, Z5M-23, or a combination thercot, Additionally or altornately,
the molecular sieve can comprise, consist essentially of, or be a 10-member ring 1-D
molecular sieve. Examples include EU-1, ZSM-35 (or forrierite), ZSM-11, ZS5M-57,
NU-R7, SAPO-11, Z8M-48, ZSM-23, and Z5M-22. Preferred materials are EU-2,
EU-11, ZBM-30, ZSM-48, or ZSM-23. Z5M-48 is most preferred. Note that a zeolite
having the ZSM-23 structure with a silica to aluroina ratio of from 20:1 o 40:1 can
sometimes be referred to as 88Z-32. Other molecular sieves that are isostructural with

the above materials include Theta-1, NU-10, EU-13, KZ-1, and NU-23. Optionally but
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preferably, the dewaxing catalyst can include a binder for the molecular sieve, such as
alumina, titania, silica, silica-alumina, zirconia, or a combination thereof, for example

alumina and/or titania or silica and/or zirconia and/or titania.

[68113] Preferably, the dewaxing catalysts used in processes according to the
mvention are catalysts with a low ratio of silica to alumina. For exarople, for Z8M-48,
the ratio of silica to alumina in the zeolite can be less than 200:1, or less than 110:1, or
tess than 100:1, or less than 90:1, or less than 80:1. In various embodiments, the ratio of

silica to alumina can be from 30:1 10 200:1, 60:1 10 110:1, or 70:1 10 100: 1.

[66114] In vanous embodiments, the catalysts according to the invention further
include a metal hydrogenation component. The metal hydrogenation component is
typically a Group VI and/or a Group VI metal. Preferably, the metal hydrogenation
component is a Group VI noble metal. Preferably, the metal hydrogenation component
18 Pt, Pd, or & mixture thereof. In an alternative preferred embodiment, the metal
hydrogenation component can be a combination of a non-noble Group VI metal with a
Group VI metal. Suitable combinations can include Ni, Co, or Fe with Mo or W,

preferably Ni with Mo or W.

[68115] The wetal hydrogenation component may be added to the catalyst in any
convenient manner., One technique for adding the metal hydrogenation component is by
ncipicnt wetness., For example, after combining a zeolite and a binder, the combined
zeolite and binder can be extruded into catalyst particles. These catalyst particles can
then be exposed to a solution containing a suitable metal precursor.  Alternatively, metal
can be added to the catalyst by ion exchange, where a metal precursor is added to a

mixture of zeolite {or zeolite and binder) prior to extrusion.

{66116} The amount of metal in the catalyst can be at lcast 0.1 wt% based on catalyst,
or at lcast 0.15 wt%, or at least 8.2 wi%, or at lcast 8.25 wt%, or at least 0.3 wi%, or at
feast 0.5 wit% based on catalyst. The amount of metal in the catalyst can be 20 wit% or
less based on catalyst, or 10 wi% or less, or S wi% or less, or 2.5 wt% or less, or 1 wt%
or less. For embodiments where the metal is Pt, Pd, another Group VI noble metal, or a

combination thereof, the amount of metal can be from 0.1 to 5 wt%, preferably from 0.1
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0 2 wtvs, or 0.25 to 1.8 wi%, or 0.4 10 1.5 wi%. For embodimenis where the meial is a
combination of a non-noble Group VIII metal with a Group VI metal, the combined
arnount of metal can be from 0.5 wit% to 20 wt%, or 1 wi% to 15 wi%, or 2.5 wit% to 1{

Wi,

[66117] The dewaxing catalysts useful in processes according to the invention can
also include a binder. In some embodiments, the dewaxing catalysts used in process
according to the invention are formulated using a low surface arca binder, a low surface
area Binder represents a binder with a surface area of 100 m”/g or less, or 80 m™/g or less,

7 i
or 70 m’/g or less.

[B0118] A zcolite can be combined with binder in any convenient manner. For
exaraple, a bound catalyst can be produced by starting with powders of both the zeolite
and binder, combining and mulling the powders with added water to form a mixture, and
then extruding the mixture to produce a bound catalyst of a desired size. Extrusion aids
can alse be used to modify the extrusion flow properties of the zeolite and binder
mixture. The amount of framework aluming in the catalyst may range from 0.1 to 3.33

wi%s, or .1 to 2.7 wi¥e, or 8.2 to 2 wit%e, or §.3 to 1 wtde.

[66119] Process conditions in a catalytic dewaxing zone in a sour envivonment can
include a temperature of from 200 to 450°C, preferably 270 to 400°C, a hydrogen partial
pressure of from 1.8 MPag to 34.6 MPag (250 psig to 5000 psig), preferably 4.8 MPag to
20.8 MPag, a liquid hourly space velocity of from (.2 bl to 10 e, preferably 0.5 !
to 3.0 hr'', and a hydrogen circulation rate of from 35.6 m’/m” (200 SCF/B) to 1781
mm’ (10,000 scf/B), preferably 178 m’/m’ (1000 SCF/B) to 890.6 m’/m’ (5000
SCF/B). In still other cmbodiments, the conditions can include temperatures in the range
of 600°F (343°C) to 815°F (435°C), hydrogen partial pressures of from 500 psig to 3000
psig (3.5 MPag-20.9 MPag), and hydrogen treat gas rates of from 213 m’/m’ to 1068
mim’ (1200 SCF/B to 6000 SCE/B).  These latter conditions may be suitable, for

cxample, if the dewaxing stage is operating under sour conditions.

[6681208] Additionally or alternately, the conditions for dewaxing can be selected based

on the conditions for a preceeding reaction in the stage, such as hydrocracking conditions
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or hydrotreating conditions.  Such conditions can be further wodified using a quench
between previous catalyst bed(s) and the bed for the dewaxing catalyst. Instead of
operating the dewaxing process at a ternperature corresponding to the exit temperature of
the prior catalyst bed, a quench can be used to reduce the temperature for the
hydrocarbon stream at the beginning of the dewaxing catalyst bed. One option can be to
use a quench to have a temperature at the beginning of the dewaxing catalyst bed that is
the same as the inlet temperature of the prior catalyst bed. Another option can be to use
a quench to have a temperature at the beginning of the dewaxing catalyst bed that is at
least 10°F (6°C) lower than the prior catalyst bed, or at least 20°F (11°C) lower, or at

teast 30°F (16°C) lower, or at least 40°F 21°C) lower.

[68121]  As still another option, the dewaxing catalyst in the final reaction stage can be
mixed with another type of catalyst, such as hydrocracking catalyst, in at least one bed in
a rcactor. As yet another option, a hydrocracking catalyst and a dewaxing catalyst can be

co-extruded with a single binder to form a voixed functionality catalyst.

Hvdrofinushing and/or Aromatic Saturation Progess

(68122 In some aspects, a hydrofinishing and/or aromatic saturation stage can also be
provided. Typically, a hydrofinishing and/or aromatic saturation can occur after the last
hydrocracking or dewaxing stage, but other locations for a hydrofinishing stage in a
reaction systern may also be suitable. The hydrofinishing and/or aromatic saturation can
gccur either before or after fractionation. I hydrofinishing and/or aromatic saturation
occurs after fractionation, the hydrofinishing can be performed on one or more portions
of the fractionated product, such as being performed on the bottoms from the reaction
stage (i.¢., the hydrocracker bottoms). Alternatively, the cutire cftluent from the last
hydrocracking or dewaxing process can be hydrofinished and/or undergo aromatic

saturation.

[68123] In some situations, a hydrofinishing process and an aromatic saturation
process can refer to a single process perforracd using the same catalyst.  Alternatively,
one type of catalyst or catalyst system can be provided to perform aromatic saturation,

while a sccond catalyst or catalyst system can be used for hydrofinishing. Typically a
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bydrofinishing and/or aromatic sataration process will be performed in a separate reactor
from dewaxing or hydrocracking processes for practical reasons, such as facilitating use
of 4 lower temperature for the hydrofinishing or aromatic saturation process. However,
an additional hydrofinishing reactor following a hydrocracking or dewaxing process but
prior to fractionation could still be considered part of a sccond stage of a reaction system

conceptually.

[08124] Hydrofinishing and/or aromatic saturation catalysts can mclude catalysts
containing Group VI metals, Group VHI metals, and mixtures thereof. In an
erabodiment, preforred metals nclude at least one metal sulfide having a strong
hydrogenation function. In another embodiment, the hydrofinishing catalyst can include
a Group VI noble metal, such as Pt, Pd, or a2 combiation thereof. The mixture of
metals may also be present as bulk metal catalysts wherein the amount of metal 1s 30 wt.
% or greater based on catalyst. Suitable metal oxide supports include low acidic oxides
such as silica, alumina, silica-aluminas or tiania, preferably alumina. The preferred
hydrofinishing catalysts for aromatic saturation will comprise at least one metal having
relatively strong hydrogenation function on a porous support. Typical support materials
include amorphous or crystalline oxide materials such as alumina, silica, and silica-
alumina. The support materials may also be wmodified, such as by halogenation, or o
particular fluorination. The metal content of the catalyst is often as high as 20 weight
percent for non-noble metals. In an embodiment, a preferred hydrofinishing catalyst can
inchade a crystalline material belonging to the M41S class or family of catalysts. The
M4 185 farnily of catalysts are rucsoporous materials having high silica content. Exaruples
melude MCM-41, MCM-48 and MCM-50. A preferred memwber of this class is MCM-
41, If separate catalysts are used for aromatic saturation and hydrofinishing, an aromatic
saturation catalyst can be selected based oun activity and/or selectivity for aromatic
saturation, while a hydrofinishing catalyst can be sclected based on activity for
faproving product specifications, such as product color and polynuclear arowmatic

reduction.

[66125] Hydrofinishing conditions can include temperatures from 125°C to 425°C,
preferably 180°C to 280°C, a hydrogen partial pressure from 300 psig (3.4 MPa) to 3000
psig (20.7 MPa}, preferably 1500 psig (10.3 MPa) to 2500 psig (17.2 MPa), and hquid
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hourly space velocity from 0.1 bl to 5 br'' LHSV, preferably 0.5 br'! to 1.5 Wl
Additionally, a hydrogen treat gas rate of from 35.6 m™/m’ to 1781 m’/m° (200 SCE/B to

10,000 SCF/B) can be used.

Confisuration Example 4: Efficient Product Separation using Liguid Thermal Diffusion

[66126] FIGS. 10 — 14 schematically show various process configurations suitable for
combining hydroprocessing of a foedstock with liquid thermal diffusion. Of course, the
configurations shown in FIGS. 10 — 14 arc exemplary, and use of liguid thermal

10 - 14

{66127  FIG. 10 provides a basic configuration for performing hydroprocessing in
conjunction with use of a liqud thermal diffusion separator. In FHG. 10, a
hydroprocessing reactor 1010 is used to hydroprocess a foedstock 1005, An cxample of
a suitable feedstock is a vacuam gas oil, a vacuum bottoros and/or asphalt feed, a bight
cutral distitlate, a light cycle oil, a slack wax and/or Fischer-Tropsch wax stream, a
biologically-derived oil and/or wax, or a combination thereof.  Additionally or
alternately, the feedstock can be defined based on a boiling range, as previously

described.

[66128] The cftluent 1015 from hydroprocessing reactor 1010 18 then passed mto one
or more hquid thermal diffusion separators 1070, Optionally, the effluent 1015 can be
separated 1018 prior to entering liguid thermal diffusion separator 1070 to remove lower
boiling componeuts, such as light ends and/or nvaphtha boiling range components. A gas-
liquid separator, a flash scparator, a high pressure separator, or other types of scparation
devices may be suitable for performing the separation. The haquid thermal diffusion
separator 1070 generates a phurality of output streams or products. In the example shown
n FIG. 10, 6 cutput streams are shown. These products correspond to a wax output
1071, an output 1973 with properties suitable for use as a feed for making Group
I/ Group T lubricant base oils, an alkyhnaphthalene output 1073, a diesel or distillate
fuel output 1076, an extender ol product 1078, and an output 1079 containing the lowest

viscosity index {VI} portions of the effluent 1015, This low VI output 1079 may
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sometimes be referved to as an “extract” output. In various other aspects, different
numbers and/or types of outputs can be generated as desired. Thus, the 6 output streams
1071, 1073, 1075, 1076, 1078, and 1079 are representative of the variety of potential

output streams that can be produced.

[66129] The output strearos from liguid thermal diffusion separator(sy 1070 can be
used for a variety of purposes. Wax stream 1071 and hubricant base oil stream 1073
represent high viscosity index sircams that are separated out using lquid thermal
diffusion separator 1070, Alkylnaphthalenes 1075 may be useful for blending etther
with a hubricant basc oil product or with a diesel product. Distillate fuel product 1076
can include both diesel and kerosene fractions, depending on the input feed provided to
the scparation. Extender ot} 1078 and extract 1079 can be used as fucl otls or for other

fower value purposes.

[68136] In onc aspect, hydroprocessing can be used in combination with hguid
thermal diffuston based on a single pass of a feedstock 1005 through the hydroprocessing
reaction 1010 and the liguid thermal diffusion separator(s) 1070, For example, a vacuum
gas ¢il feed, optionally blended with other distillate boiling range components, can be
used as the feed 1005, The hydroprocessing reactor 1010 can be used to hydrotreat the
feed under effective hydrotreating conditions.  This results in a modest amount of
conversion of the feed relative to a 700°F (371°C) boiling point, as well as removal of
contaminants such as sulfur and vitrogen. Some arorvatic saturation may also occur. o
this aspect, effluent 1015 corresponds to a hydrotreated efftuent. The liquid thermal
diffusion sepavator{s) 1070 can then separate the hydrotreated effluent 1015, after
optional separation 1018 to remove low boiling components.  The liquid thermal
diffusion separation rvesults 1o a plurality of products or ouiputs, such as the outputs

1071, 1073, 1075, 1876, 1078, and 1079 shown in FIG. 10,

(66131} In sowe optional aspects, a portion of the ouiput from the Hguid thermal
separator 1070 can be recycled for combmation with feed 1005, In these types of
optional aspects, higher VI coroponents would not be recycled, as these are high valoe
products. Thus, components with a VI of at least 80, preferably at least 90, such as at

least 100, are not recycled.  Additionally, components with a low VI such as
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compounents with a VI of 40 or less, such as 30 or less, are also vot recycled. The
reraining intermediate VI products can be recycled for further hydroprocessing, in order
to upgrade the mtermediate V1 products to products with higher viscosity index. In FIG.
10, portions of the outputs from liquud thermal diffusion separator 1070 are shown as
potential candidates for recycle. In the example shown in FIG. 10, cutput portion 1082
corresponds to a portion of the alkylnaphthalene output 1075 and diesel output 1076,
although a portion of lubricant base otl output 1073 may also be included. When recycle
18 desired, a vecycle stream 1084 is formed from output portion 1082 and combined with
feedstock 10035 into hydroprocessing reaction 1010, One way of determining if recycle
is desired 1s o perform recycle so loug as the recycle increases the amount of high VI
product in the output of the liquid thermal separator 1070, When addition of recycle
strearn 1084 to feedstock 10035 does not result in an jocrease 1o high VI product, the

output portion 1082 can instead by used as an output or product stream 10R7.

[66132]  In aspects where an output portion 1082 1s recyceled, hydroprocessing reactor
1010 can correspond to a variety of types of hydroprocessing, such as hydroconversion
{cither hydrotreatment or hydrocracking) or catalytic dewaxing {or other types of
hydroisomerization). In an alternative ecmbodiment, the configuration in FIG. 10 can
also be used with an asphalt feedstock, with reactor 1010 corresponding to an air blower

rather than a hydroprocessing unit.

Configuration Example S: Enriching  Feedstock with  Desired  Commonents  for

Hvdroprocessing

66133} FIG. 11 schematically shows another configuration for using hydroprocessing
in conjunction with separation by hiquid thermal diffusion. In the types of configurations
represented by FIG. 11, a feedstock is separated using hquid thermal diffusion so that
hydroprocessing is performed on only a portion of the feedstock. In some aspects, a
feedstock can be split into two portious for processing. A first portion can be separated
using fiquid thermal diffusion while a second portion is directly passed into one or more
hydroprocessing stages. After separation, one or more outputs from the liquid thermal
diffusion separator can be used to enhance the content of certain types of molecules in

the sccond portion. For example, a hiquid thermal diffusion separation can be used on a
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portion of a feedstock to isolate high viscosity judex components, sach as waxy
components or lubricant base oil components. These isolated high VI components can
then be added to a remaining portion of the feedstock to provide a feedstock for

hydroprocessing that is enriched in components suitable for making hubricant base oils.

[66134] In FIG. 11, a feedstock 1103 can nitially undergo au optional hydrotreatment
1120, The feedstock 1105 can be a vacuum gas oil or another type of distillate and/or
gas o1l boiling range feedstock. Optionally, the feedstock 1105 can alse include some
molecules that would correspond to vacuum bottoms botling range material. In aspects
where hydrotreatment 1120 1s not used, feedstock 1105 can be passed directly into hiquid
thermal diffusion separator 1070, As shown in FIG. 11, feedstock 1105 is initially
hydrotreated 1120, and the hydrotreated effluent 18 passed into Hguid thermal ditfusion
separator 1070, Optionally, the hydrotreated effluent can undergo a flash or gas-liquid
separation to remove lower beiling components before being passed into liquid thermal
diffusion separator 1070, The hquid thermal diffusion separator 1070 generates a

phurality of output streams, such as outputs 1071, 1073, 1075, 1076, 1078, and 1079,

66135} Portions of the one or more of the products from liquid thermal diffusion
separator 1070 can then undergo further hydroprocessing.  One option 18 to perform
additional hydrotreatment 1140 on a diesel or distillate fuel product 1076, This results in
a hydrotreated diesel or distillate fuel product 1142, Another option is to perform
additional hydroprocessing ou at least a portion of wax output 1071 and/or lubricant base
oil output 1073, If only a portion of wax output 1071 is exposed to further
hydroprocessing, the remaining portion 1191 may be used directly as a product or as an
input for other processes. Similarly, if only a portion of fubricant base oil cutput 1073 is
exposed to further hydroprocessing, the remaining portion 1193 may be ased directly as

a product or as an input for other processes.

[66136] The portions of outputs 1071 and 1073 that are cxposed to further
hydroprocessing correspond to stream 1182, which is then hydroprocessed in reactor or
reaction stages 1130, Typically, stream 1182 will represent less thau half by weight of
the input flow to hydroprocessing reactor 1138, For example, if feedstock 1105 is

hydrotreated 1120, then portion 1124 that 15 passed mto higuid thermal sceparator 1070
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will typically represent less than half of the weight of hydrotreated efftuent 1122, The
remaining portion of effiuent 1122 forms an input stream 1128 for hydroprocessing
1130, Additionally or alternately, additional feedstock 1135 can be introduced into
hydroprocessing reactor 1130, feedstock 1105 is not hydrotreated prior to entering
separator 1070, then the weight of feedstock 1105 will typically be less than the weight
of feedstock 1135, In some aspects, feedstock 1105 and feedstock 1135 can be derived
from a common source of feedstock, such as corresponding to the same vacuum gas oil

or other distillate / gas ol boiling range feed.

[66137] Input stream 1182, along with at least one of hydrotreated cffluent portion
1128 or feedstock 1135, are then hydroprocessed 1130, A variety of types of
hydroprocessing may be perforraed in the reaction  stages  corresponding  to
hydroprocessing reactor 1130, Suitable types of hydroprocessing include hydrotreatment
to reduce contaminant levels, hydrocracking for V1 uplift, and dewaxing to improve cold
flow propertics. For exarople, i some aspects an initial hydrotreatmoent 1120 roay not be

crformed, so that the inputs to hydroprocessing 1130 are stream 1182 and feedstock
1135, v such aspects, hydroprocessing reactor 1130 can juclade one or more mnitial
stages for hydrotreatment followed by one or more stages of hydrocracking and/or
catalytic dewaxing. If an irutial bydrotreatment 1120 1s performed (or if feedstocks 1105
and 1135 have sufficiently low contents of contaminant species), additional
hydrotreatment in hydroprocessing reaction stages 1130 may not be necessary, so that
hydroprocessing 1130 corresponds 0 one or more stages of hydrocracking, one or more
stages of catalytic dewaxing, or a combination thercof.  The outputs from
hydroprocessing 1130 can correspond to diesel or distillate fuel output 1132 and
lubricant base oil output 1134. In many aspects, dicsel output 1132 may correspond to a
diesel with moproved pour pownt or other low teraperature properties, due to at least one
catalytic dewaxing stage being present in hydroprocessing reaction stages 1130,
Siumilarly, lubricant base oil output 1134 may be suttable for use as a Group 1+ or Group
I base oil. In various aspects, one or more hydrofinishing stages may also be included
as part of hydroprocessing 1130, Alternatively, hydrofinishing roay be performed on one

of the output streams from hydroprocessing 1130, such as lubricant base oil output 1134,



WO 2014/113194 PCT/US2013/077644
- 46 -

Configuration Exaropic 6: Process Stage Bypass Configurations

[66138] FIG. 12 shows an example of a configuration where portions of a foed are
allowed to bypass one or more hydroprocessing stages. Bypass of processing stages can be
used to allow for processing of two different types of feedstocks, with one feedstock being
passed into a reaction sysiern at a downstream stage of hydroprocessing. One way of
generating two different types of feedstocks is to start with a single feedstock and perform a
liquid thermal diffusion separation on a portion of the feed. This can allow for scparation
out or sclection of desired portions of the feed, such as a portion suitable for forming
lubricant base otls. This selected portion of the feed can then be treated using additional
hydroprocessing stages, while the main portion of the feedstock is exposed to a more
lirntted form of hydroprocessing. These types of configurations can allow hydroprocessing
reactions to be targeted to higher value portions of a feedstock, thus reducing or avoiding

excess processing of lower value portions of a feed.

[G613%] In FIG. 12, an inittal hydrotreatment can be performed 1220 on a feedstock
1205, The feedstock 1205 can be any suitable feedstock, such as a vacuur gas otl feed or g
vacuum gas oif feed blended with one or more other feeds. At least a portion of the
resulting hydrotreated offfuent 1222 can then be used as an input stream 1228 for fusther
hydroprocessing. Depending on the aspect, all of input stream 1228 can be exposed to all
of the beds in hydroprocessing reaction stages 1250. Alternatively, a portion of input
stream 1228 can be diverted to form a bypass streamn 1235 that bypasses one or more
catalyst beds or reaction stages. Optionally, an additional feedstock stream 1256 can also
be ntroduced into reaction stages 1250, either for exposure to all reaction stages or as a

bypass stream.

[66148] The cffluent from reaction stages 1250 can be handled in various ways. As
shown inn FIG. 12, a portion of the effluent from reaction stages 1250 can be used as an
faput stream 1254 for a conventional fractionator, in order to form distillate fuel and/or
lubricant basc oil fractions. The remaining portion of the effiuent from reaction stages 1250

can be used as an mput stream 1252 for a hquid thermal diffusion separator 1070,
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[66141]  The hydroprocessing in hydroprocessing stages 1250 can be of any convenicnt
type.  Swuitable reaction stages include hydrotreatment, hydrocracking, and catalytic
dewaxing stages. For example, the hydroprocessing stages 1250 can correspond to one or
more first catalytic dewaxing stages, one or more hydrocracking stages, and one or more
second catalytic dewaxing stages. The bypass stream 1255 can bypass at least a portion of
the first catalytic dewaxing stages, or the bypass stream 1255 can bypass both the first
catalytic dewaxing stages and at lcast a portion of the hydrocracking stages. Alternatively,
reaction stages 1250 can correspond to one or more hydrocracking stages or a combination
of hydrotreating and hydrocracking stages. Still another option is to use any desired

combination of hydrotreating, bydrocracking, and catalytic dewaxing stages.

[66142]  In somc aspects, a portion of hydrotreated effluent 1222 can be used to forrm a
side stream 1224, The side stream 1224 can be passed into another liquid thermal diffusion
separator 1270 in order to form a stream 1282 that can increase the guantity of a desired
corapouent in stream 1228, stream 1255, or another input strearo to reaction stages 1250
As shown in FIG. 12, stream corresponds to a wax stream while stream 1273 corresponds to
a stream swtable for forming lubricant base oils. Portions of these streams can be used as
gutput or product streams 1291 and 1293, The remainder of these streams can be used to
form stream 1282 for enriching the input to hydroprocessing stages 1250, Other possible
representative outputs from separation 1270 of the side stream 1224 are allylnaphthalenes

12735, distillate fuels 1276, extender ol 1278, and extract 1279,

Confipuration Example 7: Combination of Temperature Fractionation and Liguid Thermal

Diffusion Separation

[66143]  Stll another option 18 fo use both separations based on botling range and
separations based on liquid thermal diffusion to achieve a desired product slate. FIGS. 13
and 14 show examples of configurations where an atmospheric distillation unit 1s used in
corabination with a liguid thermal diffusion separator to generate various outputs. These
types of aspects reduce the total volume of the outputs that are processed using hquid
thermal diffusion while still allowing for production of outputs not conventionally available

using only a teraperature based fractionation.
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(60144 In FIG. 13, a feedstock 1305 is hydrotreated 1320 to remove contaminants,
Optionally, a portion of hydrotreatment stage 1320 can alse inchide another type of
hydroprocessing catalyst, such as hydrocracking catalyst. The hydrotreated effluent 1322
can then be hydroprocessed 1350, such as by catalytic dewaxing, hydrocracking, and/or
hydrofinishing. For cxample, the hydrotreated effluent can be catalytically dewaxed n a
first stage, hydrocracked in a second stage, and catalytically dewaxed in a third stage.
Optionally, a portion of hydrotreated effluent 1322 can be used to form a bypass input 1355

that bypasses one or more stages of hydroprocessing stages 1350,

[(0145] The ctfluent 1352 from hydroprocessing stages 1350 can then be
fractionated 1360, such as by using an atmospheric distilfation unit. An initial gas-liquid
separator can optionally be used to remove light ends and/or naphtha boiling range
molecules before effluent 1352 enters fractionator 1360. The fractionator 1360 can separate
the effluent 1352 into one or more fucls output streams 1352, such as one or more kerosene
outputs and one or more diesel outpuis. A bottoms portion 1364 from fractionator 1360 can
then be used as the input for a liquid thermal diffusion separator 1370, The bottoms portion
can correspond, for example, to a 700°F+ (371°C+) portion of the effluent 1352, The hqud
thermal diffusion separator 1370 can separate the bottoms portion 1364 into any convenient
number of output strearns. For example, FIG. 13 shows formation of a lubricant base o
output 1373 and an alkylnaphthalene output 1375, The liquid thermal diffusion separator
1370 may also produce one or more additional outputs corresponding to lower value
molecules in the bottoms portion 1364, It is noted that the diesel portion of the

hydroprocessing cffiuent 1352 was already removed by fractionator 1360,

[G3146] FIG. 14 shows an alternative configuration where simtlar processing stages
arc used, but the stages are organized differently. In FIG. 14, a feedstock 1405 1s
hydrotreated 1420, The hydrotreated effluent 1422 1s combined with a hydroprocessed
output 1458, The combined stream, after optional separstion to remove low boiling
molecules, is passed into a fractionator 1460, such as an atmospheric distilfation unit. This
results in one or moore output streams, such as a distillate fuel coutput 1462, The bottoms
portion 1464 is then split to form an mput stream for bydroprocessing unit 1450 and a
stream 1468 for separation in a liquid thermal diffusion separator 1070, The extract portion

1479 from separator 1070 1s recyeled and added to the input strearn to hydroprocessing
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stages 1450, Optionally, a portion of the input strearo to hydroprocessing stages 1450 can
be used to form a bypass stream 1455 that bypasses one or more of the hydroprocessing
stages. By using the extract 1479 from scparator 1070 as a reeyele feed, the configuration
in FIG. 14 allows for an increase in the amount of fuels and lubricant base oil products

formed from a feedstock 1405.

166147} All patents and patent applications, test procedures (such as ASTM
methods, UL methods, and the like), and other documents cited herein are fully
incorporated by reference to the extent such disclosure is not inconsistent with this

nvention and for all jurisdictions in which such incorporation is permitied.

[30148] When numerical lower limits and numerical upper limits are listed herein,
ranges from any lower limit to any upper bimit are contemplated. While the ilostrative
cmbodiments of the imvention have been described with particularity, it will be
understood that various other modifications will be apparent to and can be readily made
by those skilled in the art without departing from the spirit and scope of the invention.
Accordingly, it s not intended that the scope of the claims appended hercto be limited to
the examples and descriptions set forth herein but rather that the claims be construed as
encompassing all the features of patentable novelty which reside 1n the present invention,
inchading all features which would be treated as equivalents thereof by those skilled in

the art to which the invention pertains.

[63149] The present invention has been described above with reference to
numercus embodiments and specific examples. Many variations will suggest themselves
to those skilled in this art in light of the above detatled description. All such obvious

variations are within the full intended scope of the appended claims.
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CLAIMS:

1. A method for processing a feedstock, comprising: treating a feedstoc
with a T3 boiling pownt of at least 350°C, the feedstock comprising a recycled portion, in
one or more hydroprocessing stages under effective hydroprocessing conditions to form
a hydroprocessed effluent; passing at least a portion of the hydroprocessed effiuent into a
gap between a first surface and a second surface in a thermal diffusion separator;
performing therrnal diffusion separation by maintaining the at least a portion of the
hydroprocessed effluent in the gap with a teraperature differential between the first
surface and the sccond surface of at least 5°C, such as at least 30°C, for a residence time;
withdrawing a plurality of fractions from the thermal diffusion separator including a first
fraction having a viscosity index of at least 80, a sccond fraction having a viscosity index
tess than the fivst fraction and less than 90, and a third fraction having a viscosity index
less than the second fraction; and recycling at least a portion of the second fraction to

form the recycled portion.

2. A method for processing a feedstock, comprising: treating a feedstock
with a TS boiling point of at least 354°C in one or more first hydroprocessing stages
under effective hydroprocessing conditions to form a first hydroprocessed effluent;
passing a first portion of the first hyvdroprocessed effiuent into a gap between a first
surface and a second surface in a thermal diffusion separator; performing thermal
diffusion separation by maintaining the first portion of the fivst hydroprocessed effluent
portion in the gap with a temperature differential between the first surface and the second
surface of at least 5°C, such as at least 50°C, for a residence time; withdrawing a
plurality of fractions from the thermal diffusion separator including a first separated
fraction and a second separated fraction, the second separated fraction having a viscosity
mdex of at least 80; and treating a second portion of the first hydroprocessed effluent and
the second separated fraction in one or more second hydroprocessing stages under

second effective hydroprocessing conditions to form a second hydroprocessed effluent.

3 The method of Claim 2, wherein withdrawing a plurality of fractions

further comprises withdrawing a third separated fraction.
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4. The method of Claimns 1 or 3, wherein the third separated fraction is
treated in one or more third hydroprocessing stages under third effective hydroprocessing

conditions to form a distillate fuel product.

5. The racthod of any of Claims 1, 3, or 4, wherein withdrawing a phurahity
of fractions from the thermal diffusion separator further comprises withdrawing a fourth
fraction having a viscosity index less than the first fraction and greater than the third

fraction.

6. The method of Claim 5, wherein the reeyeled portion compriscs at least a

portion of the fourth fraction.

7. The method of any of the above claims, further comprising separating the
hydroprocessed effluent to form at least a liquid effhuent, wherein at least a portion of the

hiquid effluent 1s passed into the gap between the first surface and the second surface.

8. The method of any of the above claims, wherein the first effective
hydroprocessing conditions comprise at least one of hydrotreating conditions and

hydrocracking conditions.

8. The method of any of the above claims, wherein the one or more
hydroprocessing stages comprise at lcast one hydrotreating stage and at least one

catalytic dewaxing stage.

10, The method of any of the above claims, wherein the second separated
fraction has a first value for a first property and a second value for a second property, the
method further comprising: biending at least a portion of the first separated fraction and
at least a portion of the third separated fraction to form a blended fraction, the blended
fraction having a third value for the first property that differs from the first value by
2.5% or less and a fourth value for the secound property that differs from the second value

by at least 5.0%.
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11, The method of any of the above claims, wherein withdrawing a plurality
of fractions from the thermal diffusion separator includes withdrawing the first separated
fraction, a third separated fraction, and a fourth separated fraction, the first separated
fraction having a first value for a first property and a second value for a second property,
the method further comprising: blending at least a portion of the third separated fraction
and at least a portion of the fourth separated fraction to form a blended fraction, the
blended fraction having a third value for the first property that differs from the first value
by 2.5% or less and a fourth value for the second property that differs from the second

value by at least 5.0%.

12, The method of Claim 11, wherein the fourth scparated fraction has a

viscosity index that 1s greater than the first separated fraction.

13, The method of any of the above claims, wherein the third separated
fraction being treated i one or more third hydroprocessing stages under third effective
hydroprocessing conditions, such as hydrotreating conditions, to form a distillate fuel

product.

14, The method of any of the above clairns, wherein the second effective
hydroprocessing conditions comprise hydrotreating conditions, hydrocracking
conditions, or catalytic dewaxing conditions, such as wherein the one or more second
hydroprocessing stages comprise at least one hydrotreating stage followed by at least one
hydrocracking stage, or wherein the one or more second hydroprocessing stages
comprise at least one hydrotreating stage followed by at least one catalytic dewaxing
stage, or wherein the one or more second hydroprocessing stages comprise at least one
hydrocracking stage followed, at least one catalytic dewaxing stage, or a combination

thereof.

15, The method of any of the above claims, further comprising: passing at
least a portion of the second hydroprocessed effluent into a sccond gap in a second
thermal diffusion separator; and withdrawing a plurality of fractions from the second

thermal diffusion separator.



WO 2014/113194

PCT/US2013/077644

1/13

144

110/ k

©  paraffin

120

() aromatic

FIG. 1



WO 2014/113194 PCT/US2013/077644

2/13

Thermal Diffusion Separation
Cold
238 /Hot Wall
Low
Density Y ISES Wax
-2
-3— Group II/II
—4
—5— Alkylnaphthalenes
_7—>  Group I
High Y | -8
Derligsity /K_/ \__A )-9— Extender Oil
-10
/ N\
220 238
210

FIG. 2



WO 2014/113194 PCT/US2013/077644

3/13

/ 320

310 342
341

FIG.3



WO 2014/113194 PCT/US2013/077644

4/13

Plate—t 1----€2) 33— Rod

Non—uniform Field

FIG. 4



PCT/US2013/077644

WO 2014/113194

5/13

© © 0 ¢g

O ©6 9O

© © 0 0§

O © 090

© OO0 O 0OFC

OO 000 O

© OO0 OO0 0S8
OO0 OO0 O

© OO0 00O OFC
OO0 OO0 00O O
OO0 OO0 OO O 0S8
OO0 000 OO0 O
(VSIS IV NSNS N

FIG.5



WO 2014/113194

6/13

PCT/US2013/077644

620 / /
(+) (-)
NG
150°F 2 615
% _—
ez NBOTN—"
— 1 PEEK
= T\ Glass (thickness 0.4 mm)
i Gasket (thickness:0.4—4 mm)
. 1 EAS00° + electrode
z . — electrode
; 4' 2 300°
— 616
C 4 300°
vy [/N300°
17 ] %
L~ / 2
/ 150°F 00 616
670 / ‘\
F\

650 660

\ 600

FIG. 6



WO 2014/113194 PCT/US2013/077644

7/13

A Solvent Extraction
O Thermal Diffusion
O DWO 130N Vacuum Distillate feed

S 100%- O eel 1 Thermal Diffusion Stage,
T 80%A “::;\\ 20 hrs
> ? T~ -

60% Ij D

Q o] Tees

o ~ -
£ 40% / 1 B

G 20%- 5-7 Theor:et/ca/ Solvent
o ° Extraction Stages

O% ! ! T 1
50 70 90 110 130

V.I

FIG. 7



WO 2014/113194 PCT/US2013/077644

8/13

o—Feed ¢—Port 2 o—Port 5 A—Port 9

1607
i O
140- o ©
1207
1009 o “
= 807
> 601 2 a4
40+
20+ A A
O o o1 1 o 1 . 1 . 1 . 1 . 1 - 1 . 1
0 20 40 60 80 100120140160180200
Time Elapsed, hrs

FIG. 8

OThermal Diffusion after 20 hrs
B Thermal Diffusion after 44 hrs
O APEC100 Lube Basestock Feed

O N Thermal Diffusion after 89 hrs
.g 100%7 ©

80%- Group II+
S m|
S 60% Group III
o 40% - 0
o ’ Group III+
M 20%- (m]7]
a8 0%
3 90 100 110 120 130 140 150 160

V.I.

FIG.9



PCT/US2013/077644

WO 2014/113194

9/13

¥801 Q_\ .G—m

™

-
60| | |
£801 8/0| <—
/ _ 90| -—
T
= _ L0l 0401 0101l

\ ¢L0] -—

¢801

10| <4

r 8101

G101l

GO0l




PCT/US2013/077644
10/13

WO 2014/113194

Ll "Old

\ Ovil raAN
adn /

6.0 | ea—
9401 8/0|e—
-}
v| 0Ll g/01e— 0/01 AN
¢/01
sl
oSl » -
- -}
\ « 1201 i
ZsLl / / Va
a A
/S / 1611 Y soLl
Gell
¢811 /wN_‘_‘




PCT/US2013/077644

WO 2014/113194

11/13

6401
8401

9/01
G/01

¢L01
101

¢l Old

414!

0401

¢£6cl

6LC| -—
8/C| -—

9/¢Cl

A £12

GlLCl 0LZ1

|

0G¢l

[ [ [ [ ]

-
F LLC

\

YA

¢8cl

gGcl

_ i

¢ecl

1444

8¢cCl

0c¢cl

cocl



PCT/US2013/077644

WO 2014/113194

12/13

09¢l1

QLT | -—
0L¢1
CLE | -
¥9¢l
-
29¢l

€L 'Old

oS¢l

[ [ [ [ ]

44N

0rANE

Gogl



PCT/US2013/077644

WO 2014/113194

13/13

1 "Old

6LV H

ojey 4]

\////I

GGyl

8/0| a—
9/0| a—
SLOL<*— o/01
¢/0| -—
10| <

89¥1

it

09¥1

424t

8G¥ 1

444"

0cvl

10} 4%



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - claims
	Page 53 - claims
	Page 54 - claims
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings

