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(57) Abstract: A process for hydrogenating a Fisc-
her-Tropseh ("FT") wax includes placing hydrogen-
ation catalyst particles within a low-temperature
hydrogenation reactor having a mixing sub-system
and a vent at the top for excess hydrogen, placing
the FT wax at a low temperature up to a predeter-
mined level within the Sow-temperature, hydrogen-
ation reactor, leaving a vapor space above the pre-
determined level, adding hydrogen under a desired
pressure into the low-temperature hydrogenation
reactor, mixing the input FT wax, the hydrogen gas
and the hydrogenating catalyst particles together to
create a mixture using the mixing subsystem and
continuing the mixing until the FT wax has hydro-
genated, stopping the mixing to allow the hydro-
genation catalyst particles to settle, and removing
an hydrogenated FT wax with residual hydrogenat-
ing catalyst particles from the low-temperature hy-

drogenation reactor. The hydrogenated FT wax may
he filtered and subjected to vacuum distillation.

42 Other embodiments are also disclosed.
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METHODS, SYSTEMS, AND APPARATUSES FOR LOW-TEMPERATURE
FISCHER-TROPSCH WAX BYDROGENATION

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENTYT
{6001} Not applicable.

BACKGROUND

¥Field of the Invention

[0002] This invention relates to a system and method for treating hydrocarbon waxes;
specifically it relates to a system and method for improving the color of waxes produced by a
Fischer-Tropsch process.

Background of the Invention

[0603] The Fischer-Tropsch (or “Fischer Tropsch,” “F-T7 or “FT7) process (or synthesis or
conversion) involves a set of chemical reactions that convert a mixture of carbon monoxide
and hydrogen (known as reformed gas, synthesis gas, or “syngas”) mto liguid hydrocarbons
{called “Hiquid FT hydrocarbons” herein). The process was first developed by German
chemists Franz Fischer and Hans Tropsch in the 1920°s. The FT conversion is a catalytic and
exothermic process. The FT process is utilized to produce petroleum substitutes, typically
from carbon-containing energy sources such as coal, natural gas, biomass, or carbonaceous
waste streams (such as municipal solid waste) that are suitable for use as synthetic fuels,
waxes and/or lubrication oils. The carbon-containing energy source is first converted into a
reformed gas (or synthetic gas or syngas), using a syngas preparation unit in what may be
called a syngas conversion. Once the syngas is created, the syngas is used as an mput 10 an
FT reactor having an FT catalyst to make the liquid FT hydrocarbons in a Fischer-Tropsch
synthesis (or FT synthesis or FT conversion). Depending on the type of F1 reactor, the FT
conversion of the syngas to liguid FT hydrocarbons takes place under appropriate operating
conditions.

[6604} Depending on the physical form of the carbon-containing energy source, syngas
preparation may involve technologies such as steam methane reforming, gasification, carbon
monoxide shift conversion, acid gas removal gas cleaning and conditioning. These steps
convert the carben-containing encrgy source to simple molecules, predominantly carbon
monoxide and hvdrogen, which are the active ingredients of synthesis gas. The synthesis gas

will also inevitably contain carbon dioxide, water vapor, methane, nitrogen, Impurities

1
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deleterious to catalyst operation such as sulfur and nitrogen compounds are often present in
trace amounts and are removed to very low concentrations as part of synthesis gas
conditioning.
{00065] Turning to the syngas conversion step, to create the syngas from natural gas, for
exarnple, methane in the natural gas reacts with steam and oxygen in a syngas preparation
unit to create syngas. The syngas comprises principally carbon monoxide, hydrogen, carbon
dioxide, water vapor and unconverted methane. When partial oxidation is used to produce
the synthesis gas, typically, the syngas contains more carbon monoxide and less hydrogen
than is optimal and consequently, steam is added to the react with some of the carbon
monoxide in a water-gas shift reaction. The water gas shift reaction can be described as:
(60061 CO4+ H, O Hy+ 08, (1
[6007] Thermodynamically, there is an equilibrium between the forward and the backward
reactions. That equilibrium is determined by the concentration of the gases present.
{0008] Once the syngas is created and conditioned, the syngas is used as an input to an FT
reactor having an FT catalyst to make the liquid FT hydrocarbons i a Fischer-Tropsch
synthesis (or FT synthesis or FT conversion). Depending on the type of FT reactor, the FT
conversion of the syngas to Hauid FT hydrocarbons takes place under appropriate operating
conditions. The Fischer-Tropsch (FT) reactions for the FT conversion of the syngas to the
Hguid FT hydrocarbons may be simplistically expressed as:

(Q2o+1yHy + 8 CO — CiHaner + 1 HO, {2}
where ' is a positive integer.
[6009] In addition to Hguid FT hydrocarbons, the Fischer-Tropsch synthesis also
commonly produces gases (called “FT tail gases” hercin) and water {(called “FT water”
herein). The FT tail gases typically contain CO {carbon monoxide), COy, (carbon dioxide},
H; (hydrogen), light hydrocarbon molecules, both saturated and unsaturated, typically having
carbon values ranging from C; to Cs, and a small amount of light oxygenated hydrocarbon
molecules such as methanol. Typically, FT tail gases are mixed in a facility’s fuel gas system
for use as fuel. The FT water will typically include dissolved oxygenated species, such as
alcohols, and light hydrocarbons, which are typically removed prior to disposal of the FT
water.
[0619] The FT reaction is performed in the presence of a catalyst, called a Fischer-Tropsch
catalyst (“FT catalyst”). Unlike reagents, a catalyst does not participate in the chemical

reaction and is not consumed by the reaction itself. In addition, a catalyst may participate in
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multiple chemical transformations. Catalytic reactions have a lower rate-Hmiting free energy
of activation than the corresponding un-catalyzed reaction, resuliing in higher reaction raie at
the same temperature. However, the mechanistic explanation of catalysis is complex.
Catalysts may affect the reaction environment favorably, or bind to the reagents to polarize
bonds, e.g. acid catalysts for reactions of carbonyl compounds, or form specific intermediaies
that are not produced naturally, such as osmate esters in osmium tetroxide-catalyzed
dihydroxylation of alkenes, or cause lysis of reagents to reactive forms, such as atomic
hydrogen in catalytic hydrogenation. In addition to FT catalysts, other catalysis may also be
used in other steps of an FT process.

10011} The FT process results in longer-chain hydrocarbons than the feedstock, mainly n-
paraffins, but with small amounts of impurities, such as branched chain material (for
example, 2-methyl and 3-methyl derivatives), alpha olefins and oxygenates. The n-paraffins
have a full range of carbon numbers from Cy to well above Cige Lighter materials €
through C4 are typically not condensed in the process and remain in a paseous phase. The
lighter materials contain substantial amounts of alpha olefins (i.c. ethylene, propylens and 1-
butene. Products of a typical FT process may include FT naphtha (which may have carbon
members Cs. to Cip), FT diesel (which may have carbon numbers Co to Cos) and FT wax
(mostly Cyo+ material). It is possible to cut narrower distillation range products such as
kerosene (Cg — Cig), drilling fluid, distillate and the various single carbon number materials
{such as heptane).

(0012} The production of olefins and oxygenates decline relative to the paraffins as the
molecular weight increases. Nevertheless, there may be sufficient impurities in FT wax,
including olefins and oxygenates, that may cause problems with the FT wax produet. An
olefin is an unsaturated hydrocarbon with a carbon-carbon double bond. Oxygenales, as used
herein, mean compounds such as alcohols, aldehydes, ketones and carboxylic acids that have
an oxygen-comtaining group as a termination group (in the case of alcohols, carboxylic acids
and aldehydes), or contained within {in the case of kelones) a predominantly paraffinic
carbon/hydrogen chain. The olefins may react with oxygen via a process that leads to the
production of aldehydes and ketones associated with an undesirable odor.  Pure paraffin
hydrocarbons are transparent and colorless as a liquid and colorless to white (Saybolt 30} as a
solid. Untreated FT wax tends to be colorless to light yellow (liquid), white to off-white

{solid) and the color tends to deteriorate in storage.
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[0613] Clefins in FT waxes are unstable with respect to oxygen. If an olefin becomes an
oxygenated compound, it may become rancid and may cause problems with color or odor in
the FT wax.

{0014} If a fixed bed FT reactor is used with a synthetic gas (“syngas”} made from a
feedstock, the amount of impurities, such as olefins and oxygenates, contained in the
untreated FT wax may depend on the catalyst used. For example, use of an iron-based
catalyst with a syngas in a fixed bed FT reactor may result in the an FT wax having up to
about 20% olefins and oxygenates, while use of the same elements, except with a typical
cobait-based catalyst, may result in the FT wax having up to only about less than 3% olefins
and about less than 0.1% oxygenates. Hydrogenation can be used to remove impurities such
as olefing and oxygenates from FT wax.

[0615] Typically, trickle bed reactors, packed with catalyst, have been used for FT wax
hydrogenation. Hydrogen and wax are generally added as inputs at the top of the reactor and
products are collected at or near the bottom of the reactor. These systems work with a
constant flow of FT wax and they work well when the FT wax is heavily contaminated, such
as in the case of when a fixed bed FT reactor is used with iron-based catalysts to produce FT
products. The trickle bed reactors operate at high teroperatures and high pressures and are,
accordingly, expensive. The size of the catalyst particles used in beds with trickle bed
hydrogenation reactors is generally larger than one millimeter in diameter, to avoid a high
pressure drop through the reactor. The trickle bed reactors often require between 20 and 50
molecules of hydrogen for every one molecule of hydrogen consumed during the process.
Hydrogen is generally collected, compressed and recycled.

{0016} Batch hydrogenation is extensively applied in fine chemicals and pharmaceutical
industries. Other industries have used also baich processes for bydrogenation, for example,
for perfume oils and edible products like margarine, Hydrogenation reactors used with such
processes operate at relatively low temperatures and pressures. For example, use of a low
pressure, low temperature hydrogenation reactor having an eductor was pioneered by Buss
ChemTech, based in Switzerland, in the 1950°s. See, for example, the Buss ChemTech web

sites:

hitp://www.boss-ct.com/buss loop reactor.him]

{6017} However, oils of plant or animal origin differ considerably from FT waxes.
Hydrogenation is sometimes used for plant or animal oils to address other issues not

presented with FT waxes, such as adding a desired texture. Moreover, the concermns in the
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edible oil industry are different from concerns with respect to an FT wax. As an example, in
edible oils, trans-olefins can be a concern. Trans-olefins are not present in FT waxes. In FT
waxes, the concerns focus on alpha olefins,

{0618] Another difference between edible oil hydrogenation requirements and FT wax
hydrogenation requirements converns the difference in the starting hydrogen demands for
each. A starting hydrogen demand is a ratio of the double bonds present to the total carbon
present in an oil. For example, typically, edibie oils are triglycerides of Cig to Oy fatty acids,
cach fatty acid having between zero and four double bonds. Therefore, a typical chemical
hydrogen demand for an edible oil would Hikely be between 0.002 and 0.006 kg-mols/kg. By
contrast, an FT wax might have a carbon number of 20 (Cyy or above and three percent of
such molecules on average have a single double-bond, yielding a typical chemical hydrogen
demand of 0.0001 kg-mols/kg. In edible oil hydrogenation, consequently, the chemical
hydrogen demand is substantiafly higher than is the case for a Fischer Tropsch wax.

[8019] Furthermore, in edible oil process, it is typically not desirable to hydrogenate the
edible oil completely; a certain amount of residual olefin can be desirable in these
applications. By contrast, one wishes to hydrogenate an FT wax as completely as possible.
In the edible oil industry, it is a typical practice to measure an fodine number, which is
linearly refated to the hydrogen demand, rather to directly measure the hydrogen demand
itself. For example, in a typical edible oil application, one may need to reduce the lodine
number from 70 ~ 110 down to 20 — 40. By contrast, for an FT wax, the starting Iodine
sumber would be much lower (less than 10, more typically less than 2) and the objective
would be to get the lodine number as close to zero as practical. Accordingly, given these
differences, such low pressure, low temperature reactors and processes bave not been
previously considered for use with FT wax hydrogenation.

[06028] Accordingly, there are needs in the art for novel systems and rethods for treatment of
FT wax having light contamination with impurities. Desirably, such systems and methods

yield a high quality produet at lower cost.

SUMMARY
10021} Methods in one of more embodiments of the present disclosure for hydrogenating a
Fischer-Tropsch (“FT™) wax include placing the FT wax at a low temperature up to a pre-
determined level within a low-temperature hydrogenation reactor having a mixing sub-system
and a vent at the top and containing hydrogenating catalyst particles, , Jeaving a vapor space

above the predetermined level. The method also includes adding a hydrogen gas under
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pressure into the low-temperature hydrogenation reactor, bringing the low-lemperature
hydrogenation reactor up o a pre-determined operating pressure.  The method further
includes mixing the input FT wax, the hydrogen gas and the hydrogenation catalyst particles
together using the mixing subsystem under operating conditions including a low ternperature
and the pre-determined operating pressure to create a mixture, thus permitting the FT wax to
become hydrogenated, and stopping the mixing to allow the hydrogenation catalyst particles
to settle for a period of time, and removing the hydrogenated FT wax with residual
hydrogenating catalyst particles from the low-temperature hydrogenation reactor.

16622] In one or more embodiments of the present disclosure, a method for hydrogenating a
Fischer-Tropsch (“FT7) wax includes the steps of (1) placing an input FT wax, at a low
temperature of below about 200° C, up to a predetermined level within a low-temperature,
low-pressure hydrogenation reactor, having a mixing sub-system comprising a hollow shaft
gas impeller system, having a vent at the top and containing hydrogenation catalyst particles,
leaving a vapor space above the predetermined level; (2} adding hydrogen gas under pressure
o the Jow-ternperature low-pressure hydrogenation reactor, bringing the low-temperature
low-pressure hydrogenation reactor up to a pre-determined low operating pressure of below
about 100 psig: (3) mixing the input FT wax, the hydrogen gas and the bydrogenation catalyst
particles together using the mixing subsystem under operating conditions including a low
temperalure and the pre-determined operating pressure to create a mixture, thus permitling
the FT wax to become hydrogenated; {4} depressurizing the low-temperature low-pressure
hydrogenation reactor, (3) flushing the hydrogen gas from the vapor space of the low-
temperature low-pressure hydrogenation reactor using nitrogen at a Jow pressure; (6}
stopping the mixing and allowing the hydrogenation catalyst particles to setile for a period of
time, leaving at least one residual hydrogenation catalyst particle suspended in the
hydrogenated FT wax; (7) removing the hydrogenated FT wax and the at least one residual
hydrogenation catalyst particle from the low-temperature, low-pressure hydrogenation reactor
through a dip tube by adding nitrogen under a low pressure to the low-temperature, low-
pressure hydrogenation reactor; (8) sending the removed hydrogenated FT wax and the at
teast one residual hydrogenation catalyst particle through a catalyst filier to remove at least
one residual hydrogenation catalyst particle and to create a filtered hydrogenated FT wax; (9)
degassing the filtered hydrogenated FT wax; (10) subjecting the degassed, filtered
hydrogenated FT wax to a vacuum distillation process in a short path distiliation system to

produce at least a first FT wax product having a congealing point between about 56° C and
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about 70° C and a second FT wax product having a congealing point between about 857 C and
about 100° C; and (11) sending the second FT wax product to the low-temperature, low-
pressure hydrogenation reactor, for supplemental hydrogenation.

10623} In one of more embodiments of the present disclosure, a system for hydrogenating an
FT wax includes hydrogenation reactor for FT wax, designed for low temperature conditions
and a pre-determined operating pressure. The hydrogenation reactor for FT wax has a mixing
sub-system, a vent at the top for excess hydrogen, a first inlet to aliow input of hydrogen gas
under pressure, and a second inlet to allow input of the FT wax. The mixing subsystem is
suitable for mixing the FT wax at a low femperature and the pre-determined operating
pressure with a plurality of hydrogenation catalyst particle and hydrogen gas to produce a
mixture. The hydrogenation reactor for FT wax also includes an outlet to allow egress of a
fluid comprising the hydrogenated FT wax, after the mixing has stopped and the
hydrogenation catalyst particles have been permitied to settle for a period of time. In in one
of more embodiments of the present discloswre, an apparatus for hydrogenating FT wax
includes a hydrogenation reactor shell designed for low temperature and low pressure
operating conditions and having a vent at the top for excess hydrogen, a first inlet in the
hydrogenation reactor shell to allow hydrogen gas to enter the hydrogenation reactor shell
ander a low pressure, a second inlet suitable for an FT wax, a third inlet to allow input of
hydrogen gas and an outlet to allow egress of a fluid including hydrogenated FT wax. The
apparatus further includes a mixing mechanism inside the hydrogenation reactor shell,
suitable for mixing a mixture comprised of hydrogenation catalyst particles with the FT wax
and the hydrogen gas to facilitate hydrogenating the FT wax.

[#624] Other embodiments are also disclosed herein.

[0025] These and other embodiments, features and advantages will be apparent in the

following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{6626} For a more detailed description of the present invention, reference will now be made
to the accompanying drawings, wherein:
(0027} Fic. 1 is a block diagram, of a system in accordance with one or more embodiments
of the present disclosure;
{0028} FIG, 2 is a more detailed representation of a low-temperature, low-pressure reactor

and catalyst filier in accordance with one or more embodiments of the present disclosure;
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{129} FiG. 3 is a block diagram of a system in accordance with one or more embodiments of
the present disclosure;
[0030] FIG. 4 is a flowchart for a process in accordance with one or more embodiments of
the present disclosure, through a filtration step;
10031} FiG. § is a flowchart for a process in accordance with one or more embodiments of
the present disclosure, through a step separating the hydrogenated FT wax into two or more
products.
(6032} None of the Figures are drawn to scale.

NOTATION AND NOMENCLATURE
[B033] As used herein, the term “low-pressure” with respect fo a hydrogenation reactor
means below about 350 peig.  While pressures above this level are still in the scope of this
disclosure, the pressure is typically limited to be below a pressure at which {(given the
anticipated temperatures and selected metallurgy) the flange rating jumps from ANSI Class
300 to ANSI Class 600, in order to keep costs low.
{6034} As used herein, the {erm “low-temperature™ with respect to a hydrogenation reactor
means under about 280° C. Ideally, in a “low temperature” hydrogenation reactor, the
temperature of the FT wax within the hydrogenation reactor would be high enough so that the
wax is liquid, but low enough that hydrocracking of the FT wax is not significant.
[8035] As used herein, the term “raw” with respect to a wax means a wax that has not been
chemically treated.
[0036] As used herein, the term “sweet natural gas” means natural gas from which any
excess sulfur or sulfur compounds such as HzS has been previously removed.
1637} As used herein, the abbreviation “FT” stands for Fischer-Tropsch.
[0038]  As used herein, the term “FT products” means hydrocarbon products produced from
an IT reactor,
{00391 As used herein, the ferm “FT wax” means a wax made using a Fischer Tropsch
Process.
{(0048] As used herein, the terms “reformed gas” or “syngas” means the effluent from a
syngas conversion unit, such as (without limitation) a steam methane reformer, autothermal
reformer, hybrid reformer, or partial oxidation reactor. Steam methane reformers do not use
oxygen as part of the process; autothermal reformers do. Both use reformer catalysts. Hybrid
reformers are a combination of steam methane reforming, as a first step, and an autothermal

reforming with oxidation as a second step. Partial oxidation reactors are similar to autothermal
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reformers, but do not include the use of a reformer catalyst. Partial oxidation reactors operate in
accordance with the following equation:
[0041] %O, +CHy=CO+2H;

(3)Steam reformers operale in accordance with the following equation:
{6042 H O+ CHy=CO+ 3H, {4}
66431  Autothermal reformers perform both reforming and partial oxidation and so operate
in accordance with both Equation (3) and Equation (4). This explanation is a bit simplified as
some carbon dioxide may be made by SMR reactors and additional reactions take place in
autothermal reformers and partial oxidation reactors.
[0044] As used herein, the term “hydrogenation” means a reduction reaction that results in an
addition of hydrogen (usually as Hy). If an organic compound is hydrogenated, it becomes
more”saturated.” Hydrogenation has many applications, but most people are familiar with the
reaction as the one used to make liquid oils into semi-solid and solid fais. Hydrogenation is a
form of hydrotreating, which also includes many other freatments. For example, hydrogenation
may be done without hydrocracking, which is another form of hydrotreating, but hydrocracking

inchudes hydrogenation,

DETAILED DESCRIPTION
[0045] F1G. 1 is a block diagram, of a Fischer-Tropsch (“F17) wax hydrogenation system in
accordance with one or more embodiments of the present disclosure.  An foput wax 10 and
hydrogen gas (Th) 1% are iniroduced into a low-temperature, low-pressure hydrogenation reactor
20 through first and second inlets 1%, 16. The low-temperature, low-pressure hydrogenation
reactor 28 contains hydrogenation catalyst particles 22. In one or more embodiments, the input
wax 18 fills the low-temperature, low-pressure hydrogenation reactor 20 containing the
hydrogenation catalyst particles 22 to a desired volume, leaving a vapor space 26 above the top
29 of the input wax 10and the hydrogenation catalyst particles 22. The hydrogenation catalyst
particles 22 roay have been placed within the low-temperature, low-pressure hydrogenation
reactor 26 through a catalyst inlet (not separately depicted in FIG. 1) of the low-lemperature,
low-pressure hydrogenation reactor 28. The input wax 184 comprises a Fischer-Tropsch (“FT7)
wax, which may be raw, and preferably, an FT wax produced by using a synthetic gas
(“syngas™} with a fixed bed FT reactor and a cobalt-based FT catalyst to turn the syngas into FT
products. The input wax 18 may comprise in part olefins and oxygenates. The input wax 10

may be transported from an FT wax source, such as an FT plant, via, for example, a tanker truck
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or a flowline.  Preferably, the hydrogen gas 15 is added under pressure into the low-
temperature, fow-pressure hydrogenation reactor 28 after the input wax is in place. The addition
of the hydrogen gas 15 pressurizes the interior of the low-temperature, low-pressure
hydrogenation reactor 20 to the desired operating pressure.  The hydrogen gas 15 may be
delivered to the low-temperature, low-pressure hydrogenation reactor 20, for example, via
tanker truck, tanks or via a flowline or from a hydrogen flowline. The first inlet 11 for the input
wax 10 and a second inlet 16 for the hydrogen gas 15 may be placed anywhere on the low-
temperature, low-pressure hydrogenation reactor 28, but it may be preferable to place both the
first inlet 11 and the second inlet 16 in the lower half of the low-temperature, low-pressure
hydrogenation reactor 20, to improve mixing. In other embodiments, the wax inlet and/or the
hydrogen inlet may be placed at the top of the low-temperature, low-pressure bydrogenation
reactor 280r at other locations.  (In one or more alternate embodiments, one inlet could be used
for more than one inputs placed within the low-temperature, low-pressure hydrogenation reactor
26} The low-temperature, low-pressure hydrogenation reactor 20 also includes a stirrer 24 or
other type of mixing mechanism in ifs interior. The purpose of the stirrer is 1o keep the catalyst
particles in suspension and to mix the hydrogen with the input wax 18. A more detailed view of
a fow-temperature, Jow-pressure hydrogenation reactor 28 that may be used in accordance with
one or more embodiments of the present disclosure s depicted in FiG. 2.

[0046] The maximum size of the hydrogenation catalyst particles 22 used should generally be
no greater than about 250 microns, so that the hydrogenation catalyst particles 22 may be
suspended within the input wax 10 in the low-temperature, low-pressure hydrogenation reactor
20. I comparing the same volume of hydrogenation catalyst, hydrogenation catalyst particles
with a smaller size will provide a greater surface area, meaning one can use less hydrogenation
catalyst to treat a particular volume of wax. Examples of the hydrogenation catalyst particles 22
that may be used in accordance with one or more embodiments of the present disclosure include
edible oil hydrogenation catalysts, such as skeletal nickel catalysts or palladium-containing
catalysts. The hydrogenation catalyst particles 22 may comprise a single type of catalyst
particles or may comprise a catalyst mixture of two or more types of catalyst particles. At least
one of the types of catalyst particles in the catalyst mixture would be suitable for hydrogenation,
In such an embodiment, one or more other types of catalyst particles making up the catalyst
mixture could have other (non-hydrogenation) functions, such as oligomerization, isomerization,
or cracking., _ For example, in an embodiment with a catalyst mixture having a hydrogenation
catalyst and a oligomerization catalyst, a process might include a first step of oligomerization

performed under a nitrogen-containing atmosphere with typical conditions of a fow temp (about

10
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150° C.} and moderate pressure (about 150 psig), followed by a second step of hydrogenation as
proviously described. In an embodiment with a catalyst mixture having a hydrogenation catalyst
and an isomerization catalyst, a process might incluide simulianeously isomerizing and
hydrogenating the FT wax at conditions as previously described for hydrogenation. In an
embodiment with a catalyst mixture having a hydrogenation catalyst and a hydrocracking
catalyst, a process might include a first step of hydrocracking {which includes hydrogenation) at
temperatures above 300° C. (for example, 350° C.) with hydrogen at a pressure of 150-350 psig,
followed by a second step of finishing hydrogenation at previously deseribed hydrogenation
conditions.

[0047] Referring again to Fi, 1, the stirrer 24 mixes the hydrogen 15 and input wax 18 with
the hydrogenation catalyst particles 22 within the low-temperature, low-pressure hydrogenation
reactor 20 under operating conditions to form a slurry or mixture. The stirrer 24 may comprise
for example a gas induction impeller, having a motor and gear box 17 and a sealing mechanism
I8 or a liquid pump around with an eductor, to efficiently mix bydrogen 15 with the input
wax 10 and hydrogenation catalyst particles 22. Other mixing or stirring mechanisms may
also be used. For example, see US Patent No. 7,815,196, entitled “Magnetic Seal Assembly,”
and gas induction reactors available fromm Omega Kemix Pvt. Lid:

bttt/ www.okpl.com/egas-induction-reactors.php

{00481 Another example of a stirrer in accordance with one or more embodiments of the
present disclosure includes a separate device to cireulate hydrogen 15 to a sparger, although
this option may be more expensive than previously mentioned aliernatives.

{3349 In a hydrogenation reaction process, as the hydrogen 15 is mixed as part of the slurry
with the hydrogenation catalyst particles 22 and the input wax 18, the hydrogen 18 saturates
carbon double bonds of the olefins and the carbon-oxygen bonds of the oxygenates within the
input wax 18 to form paraffins and water. The hydrogenation reaction process of the present
disclosure may be performed in a batch mode, in a semi-batch mode (having staged additions
of ingredients and removal of product) or, in one or more embodiments, may be performed in
a continucus mode. A typical operating temperature for the low-temperature, low-pressure
hydrogenation reactor 28 may range from about 100° to about 280" C., preferably, from
about 150° to about 250° C., and more preferably from about 200° to about 230° C.  Ideally,
the temperature range selected would be high enough that the input wax 18 is in a liquid
form, but low encugh that any hydrocracking that might incidentally take place is limtted to a

desirad, very low level or avoided.
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00501 A typical operating pressure for the low-temperature, low-pressure hydrogenation
reactor 20 may range from about § psig to about 350 psig, preferably from about 50 psig to
about 350 psig, and more preferably from about 250 psig to about 350 psig. Although the
low operating pressure may provide a significant cost advantage, higher pressures could be

also used, with equipment designed to handle the high pressures.

{1051} Continuing to refer to FIG. 1, a hydrogen gas vent 28 allows excess hydrogen to pass
from the vapor space 26 in the low-temperature, low-pressure hydrogenation reactor 20 to a
flowling to a desired destination. As examples, the hydrogen gas vented from the low-
temperature, low-pressure hydrogenation reactor 20 may be sent to a burner for downstream
process heating, recycled such as via a compressor or to a flare for disposal. When the
hvdrogenation reaction process reaches a desired level of completion, mixing stops to allow
the hydrogenation catalyst particles 22 to separate from the now hydrogenated FT wax. Once
a desired period for settling has passed, the hydrogenated wax 28, , passes through a reactor
outlet 24 of the low-temperature, low-pressure hydrogenation reactor 28, The hydrogenated
wax 23 passing through the reactor cutlet 24 may contain some hydrogenation catalyst
particles 22 that have not settled out, such as fine hydrogenation catalyst particles. From the
reactor outlet 24, the hydrogenated wax 28 passes via a first hydrogenated wax flowline to a
catalyst filter 38. As the hydrogenated wax 28 flows through the catalyst ﬁi‘ier 39, the
catalyst filter 3¢ removes hydrogenation catalyst particles 22 from the hydrogenated wax 28,
A back-flush fluid 32enters the catalyst filler 36, The backflush fluid and removed catalyst
particles 36 is recycled via a backflush flowline 1o a third inlet in the low-temperature, low-
pressure hydrogenation reactor 28, In one or more embodiments, the back-flush fluid 32
comprises the input wax 10 to the hydrogenation reactor, and the third inlet is the same as the
first inlet. A filtered hydrogenated wax 35 may pass through a second hydrogenated wax

flowline to a filtered hydrogenated wax storage tank 40 or other storage container.

[0052] The filtered, hydrogenated wax 35 may be considered a product. However, the
filtered, hydrogenated wax 38 might have too wide a distribution of carbon numbers to be
appropriate for typical applications. Accordingly, it may be desirable to split the filtered,
hydrogenated wax 35 into two or more products with properties conforming to market
requirements. Tn the embodiment illustrated in F1G. 1, the filtered hydrogenated wax 38 is
split into two products, a first wax produet 78, which may have a mediom melting point, and

a second wax product 88, which may have a high melting point. In one or more embodiments
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of the present disclosure, the congeal point for the first wax product 78 may be about 60 ° C,,

while the congeal point for the second wax product 88 may be about 35 °C.

{0053} Referring back to Fiz, 1, from the filtered hydrogenated wax storage tank 40, the
filtered hydrogenated wax 38 passes through a third hydrogenated wax flowline optionally to
a heater 80, where the filtered hydrogenated wax 38 is pre-heated in preparation for a short
path distilation step. In other embodiments, the temperature of the filtered hydrogenated
wax 35 may be such that additional heating is not required. For example, if the temperature
of the filtered wax is already at about 200-250° C., then the heating step may not be needed.
In Fig. 1, the heated, filtered hydrogenated wax $8 may pass through a fourth hydrogenated
wax flowline to a short path distiliation system &0, where the heated, filtered hydrogenated
wax 55 is separated into the first wax product 78, having a medium melting point, and the
second wax product 80, having a high melting point. A vacuum system {not separately
depicted) maintains a low absolute pressure within the short path distillation system 68. In
other embodiments, other vacuum distillation methods or additional short path distillation
stages may be used to separate the heated, filtered hydrogenated wax 38 into two or more
wax products. In one or more embodiments of the present disclosure, three or more wax
products are made. A non-condensable gas 62 passes through a port in the short path
distillation system 60 and into a vacuum flowline 6% to the vacuum system. The use of the
short path distillation system (at vacuum conditions) keeps required temperatures as low as
possible and the residence time at elevaied temperature as short as possible. This avoids
secondary reactions (such as cracking) which may cause the quality of the FT wax products
{0 deteriorate. Nevertheless, it is possible that the second wax product 88 (having the high
melting point) may require a second pass hydrogenation, which could employ the same
equipment as the first pass hydrogenation process described above. This is simple to
implement as the process may be conducted as a baich operation and consequently the same
equipment could process alternate batches of raw wax and batches of heavy wax in

campaigns.

{0854] In one or more embodiments, the short path distillation system may comprise a
plurality of wiped film evaporators and/or short path distillation units or a combination of
both. For example, the short path distillation system may include a wiped film evaporator,

followed by two short path distillation units in series.
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{0055] Fiu. 2 presents a more detailed representation of a low-temperature, low-pressure
hydrogenation reactor 200 and a catalyst filter 238 in accordance with omne or more
embodiments of the present disclosure. In the embodiment of FIG. 2, the FT wax enters the
catalyst filier 230 from an FT wax flowline 202 and through first valve 203 as a back-flush
fluid. The FT wax leaves the catalyst filter 238 carrying recovered hydrogenation catalyst
particles, through a second valve 234 and a8 back-flush flowline 233 and enters the low-
temperature, low-pressure hydrogenation reactor 200. The low-temperature, Eow~preésure
hydrogenation reactor 200 includes at least one baffle 208 to enhance mixing, The low-
temperature, low-pressure hydrogenation reactor 200 also includes a catalyst inlet 249, which
can be used to load the catalyst or to add make-up catalyst, and a third valve 204, When the
FT wax enters the low-temperature, low-pressure hydrogenation reactor 280, the low-
temperature, low-pressure hydrogenation reactor 200 preferably already contains a plurality
of hydrogenation catalyst particles 222.As the FT wax 210 is added to the low-temperature,
low-pressure hydrogenation reactor 208, the FT wax 218 fills a voidage 227, which
comprises space {or porosity} between the hydrogenation catalyst particles 222 within the
low-temperature, low-pressure hydrogenation reactor 200 until a desired level 221 is reached,
leaving a vapor space 226 inside the low-temperature, low-pressure hydrogenation reactor

228,

{0056} Continuing to refer to Fig. 2, after the catalyst and FT wax are in place in the low-
ternperature, low-pressure hydrogenation reactor 200 to a desired level 221, hydrogen gas can
be added under pressure through a hydrogen inlet 216, and a fourth valve 208, The addition
of the hydrogen gas pressurizes the interior of the low-temperature, low-pressure
hydrogenation reactor 280 to a desired operating pressure. The vapor space 216 would
contain hydrogen gas. A hollow-shaft gas induction tmpeller 224 having a hollow shaft 212,
an impelier blade 213, a motor and gear box 217 and a sealing mechanism 218stirs the FT wax,
the hydrogen gas and the hydrogenation catalyst particles 222, creating a mixture and
allowing a hydrogenation reaction to take place, under operating conditions of a temperature
between about 80° C. and about 280° C. and a pressure selected between about atimospheric
pressure and about 350 psi. Hydrogen from the vapor space 226 enters one or more ports 223
of the gas induction impeller 224, and passes through the hollow shaft 212 and out of one or
more outlets 214 preferably in the impeller blade 213, As the gas induction impeller 224 tums
and mixes the hydrogen gas with the FT wax and the hydrogenation catalyst particles, the

mixing facilitates dissoiving the hydrogen gas into a mixture 201, The surface area of the

14



WO 2015/027043 PCT/US2014/052052

hydrogenation catalyst particles 222 facilitates the transfer of hydrogen to molecules of the
olefins and oxygenates of the FT wax 210 at the molecular level. The hydrogen gas forms
bubbles, which rises through the mixture 201 to the vapor space 226, from which the
hydrogen gas enters the hollow shaft 212, A vent (not depicted in FiG. 2), at or near the top
of the low-temperature, low-pressure hydrogenation reactor 220 allows excess hydrogen to
escape, at times, through a vent flowline. For example, excess hydrogen may escape through
the vent flowhine intermittently or at the end of a bateh treatment,

[0057] Referring again to FIG. 2, once the hydrogenation reaction has ocowrred, the mixing
stops and the hydrogenation catalyst particles are allowed to settle. After the settling step,
nitrogen may be introduced to the low-temperature, low-pressure hydrogenation reactor 206
to remove the hydrogen gas and to move the hydrogenated wax to pass through a dip tube
237 to a hydrogenated wax flowline 228. The hydrogenated wax would likely contain some
residual hydrogenation catalyst particles that did not setile out during the settling period. As
the hydrogenated wax leaves the low-temperature low-pressure reactor 280, the level 221
drops and the vapor space 226 expands. In the embodiment depicted in FIG, 2, a heel 229
comprised of hydrogenated wax and catalyst particles is depicted as having been left in the
low-temperature, low-pressure hydrogenation reactor 200, as the top of the heel 229 may be
below the entry info the dip tube 227. In other embodiments, a heel may not be present. Ina
typical operation, the heel may be about 10% of the volume of the FT wax from a particular
batch, but this may vary. In embodiments having a batch operation, the heel 229 may be
mixed with and processed with the next batch of FT wax and hydrogen introduced into the
low-temperature, low~pressure hydrogenation reactor 288,

{0658] From the hydrogenated wax flowline 228, the hydrogenated wax (with the
hvdrogenated catalyst particles the hydrogenated wax may be carrying) passes through a fifth
valve 231 and into the catalyst filter 236, In the embodiment of FiG. 2, the catalyst filter 238
is a single candle style filter. In alternate embodiments, the catalyst filter may comprise more
than a single candle-style filier. In alternate embodiments, other the catalyst filter may
comprise other types of filters. Under nitrogen pressure, the bydrogenated wax (with the
hydrogenated catalyst particles) passes through the candle filier 232, which recovers the
hiydrogenated catalyst particles. The filiered hydrogenated wax passes through a sixth valve
23% and a filtered bydrogenated wax flowline 237 to storage (not depicted in FiG, ). As
deseribed sbove, fresh FT wax can be used as a back-flush fluid to return the recovered
hydrogenated catalyst particles to the low-temperature, low-pressure hydrogenation reactor

2048,
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{0859] While FiG. 2 is one example of low-temperature, low-pressure hydrogenation reactor
200 that may be used with the present invention, many other types of low-temperature, low-
pressute hydrogenation reactors, with different means for stirring or otherwise mixing the
hydrogen gas, the infet wax and the catalyst particles may also be used.

[0066] FiG. 3 is a block diagram of one or more embodirsents in accordance with the present
disclosure. An input FT wax is sent from tankers (not depicted) via a raw wax flowline 308
to a raw wax inlet 302 for a raw wax storage tank 381, Preferably, the input FT wax is an FT
wax produced using a natural gas feedstock to create a syngas and a fixed bed FT reactor and
a cobalt-based FT catalyst to turn the syngas to FT products, including the inpot FT wax. In
other embodiments, other feedstocks could be used to create the syngas. The input FT wax
may contain one or more olefins and/or oxygeuates with double carbon bonds. The nput FT
wax is sent from a raw wax outlet 304 in the raw wax storage tank 301 through a first input
flowline 308 to a first hydrogenator inlet 322 of a batch hydrogenator 320. The batch
hydrogenator 328 contains catalyst particles (not depicted), which has been added through the
first hydrogenator inlet 322, the second hydrogenator inlet 323 or a separate catalyst inlet (not
depicted).  The input FT wax is added inio the batch hydrogenator 320 until a desired
volume is reached, leaving a vapor space (not depicted} within the baich hydrogenator 320
above the top of the input FT wax and the catalyst particles. As an example, the batch
hydrogenator 320 may treat S000 galions of input FT wax in a single batch. The batch
hydrogenator 328 also includes a stirrer {not depicted) or other type of mixing mechanism in
its interior to mix the input FT wax, the hydrogen and the catalyst particles. The FT wax may
be at a desired operating temperature when it enters the baich hydrogenator {(with or without
heating prior to entering the batch hydrogenator) or the batch hydrogenator 320may include a
heating element, such as a jacket, to bring the FT wax to the desired operating temperature.
Alternatively, a heat exchanger 378 may be used to heat the FT wax to the desired operating
temperature. A fresh hydrogen gas feed is introduced under pressure from a hydrogen
flowline 386 through a second hydrogenator inlet 323 in the batch hydrogenator 328,
increasing the pressure of the batch hydrogenator 328 to a desired operating pressure.

(0061} Continuing to refer to FiG. 3, at operating conditions, a mixing system within the
baich hydrogenator 320 mixes the hydrogen and input FT wax with the catalyst particles,
creating a wax/catalyst /hydrogen mixiure. The mixing system may comprise, for example, a
hollow-shaft gas induction impeller. Over a period of, for example, four hours, a
hydrotreating reaction, specifically, a hydrogenating reaction takes place, wherein the

hydrogen reacts with the input FT wax to saturate the carbon double bonds of the olefins and
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break the carbon-oxygen bond of the oxygenates to form paraffins and water. A typical
operating temperature for the batch hydrogenator 328 ranges from about 150° to about 280°
C. A typical operating pressure for the bateh hydrogenator 320 ranges from about 50 psi to
about 350 psi. The hydrogenating reaction is slightly exothermic (ie., heat-creating).
Circulating some of the wax/catalyst/bydrogen mixture through the {optional) external heat
exchanger 370, as in FIG. 3, may be used heat {as previously mentioned} or, in some
embodiments, to cool the wax/catalyst /hydrogen mixture and return the wax/catalyst
/hydrogen mixture to the batch hydrogenator 320. If a cooling media is needed, the cooling
media may be a closed loop thermal fluid that stays above the melting point of the wax and in
turn is to be indirectly water cooled. Alternatively, a eooling jacket may be used on the batch
hydrogenator 328, In the one or more embodiments of FIG. 3, a portion of the wax/catalyst
/hydrogen mixture may be removed from the batch hydrogenator 328 through a first
hydrogenator outlet 323 into a first mixture flowline 371, which carries the wax/catalyst
/hydrogen mixture to a heat exchanger inlet 372, The portion of the wax/catalyst /hydrogen
mixture passes through the heat exchanger inlet 372 into a heat exchanger 378, where the
portion of the wax/catalyst /hydrogen mixture is heated (o, in alternate embodiments, is
cooled). The heated (or, in alternate embodiments, cooled) portion of the wax/catalyst
/hydrogen mixture is returned to the batch hydrogenator 320 by passing through a heat

exchanger outlet 374, a second mixture flowline 375 and a third hydrogenator infet 326.

10062] Referring again to FIG. 3, a hydrogenator gas vent 324 of the batch hydrogenator 320
may allow excess hydrogen to pass from the vapor space though a first vent gas flowline 328
to a desired destination. As examples, the vented excess hydrogen may be sent {0 a burner
for downstream process heating or to a flare for disposal. When the hydrogenating reaction
process reaches a desired level of completion, a hydrogenated FT wax (which likely contains
some catalyst particles) passes through a second hydrogenator outlet 327 of the batch
hydrogenator 326 and through a first hydrogenated wax flowline 332 into a catalyst filter 330
via a filier inlet 333, As the hydrogenated FT wax flows through the catalyst filter 338, the
catalyst filter 338 removes catalyst particles from the hydrogenated FT wax, creating a
filtered hydrogenated FT wax. A first backflush fluid with removed catalyst particles is
recycled out of the catalyst filter via a first backflush outlet 334. The first backflush fluid
with removed catalyst particles is sent via a first backflush flowline 335 to a fourth

hydrogenator inlet 329 in the batch hydrogenator 326, where the first backflush fluid with
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removed catalyst particles can be mixed with the next batch of raw FT wax and hydrogen to

be treated.

[3063] Looking again to Fic:. 3, the filtered hydrogenated FT wax may pass from the catalyst
filter 330 through a filter outlet 336 via a first filtered wax flowline 337 to a second fank inlet
342 of a hydrogenated wax storage tank 340 or other storage container. A second backflush
that comprises filtered hydrogenated FT wax may be sent from the hydrogenated wax storage
tank 340 to a second filter inlet 338 of the catalyst filter 330 via a second backflush outlet 344
and a second backflush flowline 345, From the hydrogenated wax storage tank 340, the
filtered hydrogenated FT wax 335 passes through a hydrogenated wax storage tank outlet 346
and a second filkered wax flowline 348 to an optional heater 350 via a heater inlet 352, If
needed, the heater 350 heats the filtered hydrogenated FT wax, creating a heated, filtered
hydrogenated FT wax. In the one or more embodiments depicted in FiG. 3, the heated,
filtered hydrogenated FT wax passes from the heater 350 via a heater outlet 354 and through
a third filtered wax flowline 358 to a degasser 399, which removes a vent gas from the
heated, filtered, hydrogenated FT wax, creating a de-gassed, heated, filtered, hydrogenated
FT wax. The vent gas leaves the degasser 390 through a degasser vent 394 and passes
through a vent flowline 395 to a vacuum system {(not depicted in FIG. 3) or other desired

{ocation.

10664] In the one or more embodiments of Fic. 3, additional processing is desired, so the de-
gassed, heated, filtered, hydrogenated FT wax flows through a fifth filtered wax flowline 398
{0 a short path distillation system 360, where the de-gassed, heated, filtered, hydrogenated FT
wax is separated into a first wax product and second wax product, each of which are sent via
a first distillation system outlet 365 and a second distillation system outlet 367 fo separate
storage (not depicted in FiG. 3} via separate first and second product flowlines 372, 382. A
distillation vent gas passes through a short-path distillation vent 363 and via a connection
flowline 364 into the vent flowline 3958 to the vacuum system or other desired location.

[6065] ¥1G. 4 is a flowchart for a process in accordance with one or more embodiments of
the present disclosure. Unless already in place from a previous operation, hydrogenating
catalyst particles are placed 405 within a low-temperature, low-pressure hydrogenation
reactor having a mixing sub-system and a vent at the top for excess hydrogen. (Typically, 99
to almost 100% of the hydrogenating catalyst particles may be retained or recovered from a
previous operation.) An input FT wax at a desired temperature is placed 418, up o 2

predetermined level, within the low-temperature, low-pressure hydrogenation reactor, leaving
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a vapor space above the predetermined level Hydrogen gas is added 415 under pressure,
bringing the low-temperature, low-pressure hydrogenation reactor up to a desired operating
pressure. Under operating conditions including a low temperature and a low pressure, the
input FT wax, the hydrogen gas and the hydrogenating catalyst particles are mixed 420
together {o create a mixture using the mixing subsystem. The mixing is infended to suspend
the hydrogenating catalyst particles in the mixture and to disperse bubbles of hydrogen gas
throughout the mixture. The mixing subsystem may comprise, for example, a hollow-shaft
gas induction impelier. The mixing preferably continues until a hydrogenating reaction has
taken place within the mixture. Typical operating conditions for the hydrogenation reactor
include a temperature between about 80° C. and about 280° C. and a pressure selected
between about atmospheric pressure and about 350 psi. The mixing is stopped 425 to allow
the hydrogenating catalyst particles to settle from the mixture. A hydrogenated FT wax,
which may include non-seitled (“residual”) hydrogenating catalyst particles, is removed 438
through an outlet from the low-temperature, low-pressure hydrogenation reactor. The
hydrogenated FT wax and the residual hydrogenating catalyst particles are passed 433
through a catalyst filter to remove the residual hydrogenating catalyst particles and to create 2
filtered hydrogenated FT wax. The filtered hydrogenated wax may be stored 448 prior to
further processing or transportation.

[0066] FIG. § is a flowchart for a process in accordance with one or more embodiments of
the present disclosure. Hydrogenation catalyst particles are placed 503 within a tow-
temperature, low-pressure hydrogenation reactor having a mixing sub-system and a vent at
the top for excess hydrogen. Step 505 may be skipped if sufficient hydrogenation catalyst
particles are already in place, for example in a heel left from a previous operation. An input
FT wax at a desired temperature is placed 518, up to a predetermined level, within the low-
temperature, low-pressure hydrogenation reactor, leaving a vapor space above the
predetermined level. If needed, the FT wax may be heated before placed within the low-
temperature, low-pressure hydrogenation reactor. In one or more embodiments, the FT wax
is heated to the desired temperature afler being placed in the low-temperature, low-pressure
hydrogenation reactor, such as through use of a heat exchanger system. Hydrogen gas under
pressure is added 515 to the low-temperature, low-pressure hydrogenation reactor, bring the
low-temperature, low-pressure hydrogenation reactor up to a desired operating pressure.
Under operating conditions including a low temperature and a low pressure, the input FT

wax, the hydrogen gas and the hydrogenating catalyst particles are mixed 528 together to
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create a mixture using the mixing subsystem. The mixing preferably continues until the FT
wax is hydrogenated o a desired exient. In a preferred embodiment, typical operating
conditions for the hydrogenation reactor include a temperature between about 80° C. and
about 280° C. and a pressure selected between about stmospheric pressure and about 353¢ psi.
The pressure is preferably so limited to allow use of ANSI 300 flanges, but higher pressures
could be used. The mixing stops and the low-temperature, low-pressure hydrogenation
reactor is depressurized 525, An imert gas, such as nitrogen, is added 530 to the low-
temperature, low-pressure hydrogenation reactor at a low pressure, preferably about 30 psig,
to flush the hydrogen gas from the low-temperature, low-pressure hydrogenation reactor.
The hydrogenation catalyst particles are allowed 535 to setile for a pre—deterﬁnined time.
(60671 The hydrogenated FT wax, which may include residual hydrogenation catalyst
particles, is removed 540 from the low-temperature, low-pressure hydrogenation reacior. A
heel of seitled catalyst particles and some hydrogenated FT wax may be left within the low-
temperature, low-pressure hydrogenation reactor. The hydrogenated FT wax and residual
hydrogenation catalyst particles are passed 548 through a catalyst filter to remove the residual
hydrogenation catalyst particles and to create a filtered hydrogenated FT wax. The filtered
hydrogenated FT wax may be stored 8580 if further processing is not imvnediately desired.
When further processing is desired, the stored, filtered hydrogenated FT wax is released 538
from storage. If needed, the filiered hydrogenated FT wax may be heated 566 in order to
help the filtered hydrogenated FT wax to flow. The filtered hydrogenated FT wax next passes
to a degasser, where the heated, filtered hydrogenated FT wax is de-gassed §70. The gas
removed from the filtered hydrogenated FT wax passes through a degasser vent to a vacuum
systern or other desired location. In one or more embodiments, gas leaving the degasser is
cooled in a condenser or cold trap, which recovers some light liquids with the non-
condensable material passing io a first stage of the vacuum system. The discharge from the
first stage vacuum pump goes to flare or other suitable location.

10068] Referring again to refer to FiG. §, the de-gassed, filtered hydrogenated FT wax is
separated SBO into at least two FT wax products, including a lower melting point FT wax
product and a higher melting point FT wax product. The separation may be accomplished
using a short path distillation unit or by other separation systems. The lower melting point
FT wax product is sent 882 to storage. The higher melting point FT wax product is sent 584
1o the low-temperature, low-pressure hydrogenation reactor for additional hydrogenation. In

alternate embodiments, the higher melting point FT wax product is seni to storage. In
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alternate embodiments, the higher melting point FT wax product is sent to a second low
temperature, low pressure hydrogenation reactor for additional hydrogenation. In altersate
embodiments, the de-gassed, filtered, hydrogenated FT wax is separated into at least three FT

wax products.

[3069] While some preferred embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the spirit
and teachings of the invention. The embodiments described herein are exemplary only, and
are not intended to be limiting. Many variations and modifications of the invention disclosed
herein are possible and are within the scope of the invention. Where numerical ranges or
limitations are expressly stated, such express ranges or limitations should be understood to
include iterative ranges or limitations of like magnitude falling within the expressly stated
ranges or Hmitations. The use of the term "optionally” with respect to any element of a claim
is intended to mean that the subject element is required, or alternatively, is not required. Both
alternatives are intended to be within the scope of the claim. Use of broader terms such as
comprises, includes, having, etc. should be understood to provide support for narrower terms
such as consisting of, consisting essentially of, comprised substantially of, and the like.

[0076] Accordingly, the scope of protection is not Hmited by the description set out above
but is only limited by the claims that follow, that scope including all equivalents of the
subject matter of the claims. Each and every claim is incorporated Inlo the specification as an
embodiment of the present invention. Thus, the claims are a further description and are an
addition to the preferred embodiments of the present invention. The inclusion or discussion
of a reference is not an admission that it is prior art to the present invention, especially any
reference that may have a publication date after the priority date of this application. The
disclosures of all paienis, pateni applications, and publications cited herein are hereby
incorporated by reference, to the exient they provide background knowledge; or exemplary,

procedural or other details supplementary to those set forth herein,
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CLAIMS

What is claimed is:

i.

2.

A method of hydrogenating a Fischer-Tropseh (“FT”) wax, comprising:

a.

placing an input FT wax up to a predetermined level within a low-temperature
hydrogenation reactor, having a mixing sub-system and a vent at the top and
containing hydrogenation catalyst particles, leaving a vapor space above the
predetermined level;

adding hydrogen gas under pressure to the low-temperature hydrogenation
reacior, bringing the low-temperature hydrogenation reactor up fo a pre-
determined operating pressure;

mixing the input FT wax, the hydrogen gas and the hydrogenation catalyst
particles together using the mixing subsystem under operating conditions
including a low temperature and the pre-determined operating pressure to
create a mixture, thus permitting the FT wax to become hydrogenated;
stopping the mixing and allowing the hydrogenation catalyst particles to settle
for a period of time; and

removing the hydrogenated FT wax from the low-temperature hydrogenation

reacior,

The method of Claim 1, wherein the removed hydrogenated FT wax includes a

plurality of residual hydrogenation catalyst particles and further comprising:

£

sending the hydrogenated FT wax with the residual hydrogenation catalyst
particles through a catalyst filter to remove at least a portion of the residual

hydrogenation catalyst particles and to create a filtered hydrogenated FT wax.

3. The method of Claim 1, wherein the removed hydrogenated FT wax includes residual

4,

hydrogenation catalyst particles and further comprising passing the removed

hydrogenated FT wax through a screen mesh in an outlet of the low-temperature,

fow-pressure hydrogenation reactor, the screen mesh designed to exclude the

residual hydrogenation catalyst particles.

The method of Claim 1, further comprising:

g

storing the filtered hydrogenated FT wax.
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The method of Claim 4, further comprising:

h. heating the filtered hydrogenated FT wax.

The method of Claim 1, further comprising:
i. pre-heating the FT wax prior to placing the FT wax as the input FT wax in the

low temperature hydrogenation reactor,

The method of Claim 1, wherein the operating pressure is low and the low
temperature hydrogenation reactor comprises a low-temperature, low-pressure

hydrogenation reactor.

The method of Claim 1, further comprising:

}. removing the mixture from the low-temperature hydrogenation reactor;

k. sending the mixture through a heat exchanger to adjust the temperature of the
mixture; and

1. returning the temperature—adjusted mixture to the low-temperature hydrogenation

reacior.

The method of Claim 1, further comprising:
h. subjecting the filtered hydrogenated FT wax to a vacuum distillation process
to produce at least a first FT wax product having a first range of carbon
numbers and a second FT wax product bhaving a second range of carbon

numbers.

10. The method of Claim ¢, wherein the first FT wax product has a congealing point

between about 50° C and about 70° C.

1. The method of Claim 9, wherein the second FT wax product bas a melting point

between about 85° C and about 104° C.

12. The method of Claim 11, further comprising sending the second FT wax product to

the low-temperature hydrogenation reactor, for supplemental hydrogenation.
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14.

16,

17

18.

19,

24,

. The method of Claim 9, wherein the vacuum distillation comprises a short path

distiliation systern.

The method of Claim 9, wherein the short path distillation system includes at least

one wiped film evaporator and at least one short path distillation unit,

. The method of Claim 2, wherein the removed, residual hydrogenation catalyst

particles are recycled to the low-temperature hydrogenation reactor using a

back-flush fluid.

The method of claim 15, wherein the back-flush fluid comprises FT wax to be used as

the input FT wax.

The method of Claim 1, wherein the hydrogenation catalyst particles have an average

gize of less than about 250 microns,

The method of Claim 1, wherein the input FT wax was produced using a natural gas
feedstock to create a syngas and using an FT reactor and a cobalt-based

catalyst to change the syngas into FT products, including the input FT wax.

The method of Claim 1, wherein the hydrogenation catalyst particles comprise a

paliadium-based catalyst.

The method of Claim 1, wherein the hydrogenation catalyst particles comprise a

skeletal nickel-based catalyst.

. The method of Claim 2, wherein the catalyst filter comprises at least one catalyst

candle filier suilable for use in filtering catalysts from hydrogenated edible

oils.

2. The method of Claim 1, further comprising, after step b
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b3
(53

24.

26,

27,

29.

34,

(1} passing a fluid including the input FT wax from the low-temperature, low-
pressure hydrogenation reactor to a heat exchanger to adjust the temperature of the
FT wax; and

(2) returning the fluid at the adjusted temperature to the low-temperature, low-

pressure hydrogenation reactor.

1. The method of Claim 1, wherein the step of removing the hydrogenated FT wax from

the Jow-temperature hydrogenation reactor is accomplished while leaving a heel

inside the low-temperature reactor.

The method of Claim 7, wherein the low pressure for the operating conditions is

below about 350 psig,

. The method of Claim 24, wherein the low pressure for the operating conditions is

below about 100 psig.

The method of Claim 1, wherein the low temperature for the operating conditions is

below about 280° C.

The method of Claim 26, wherein the low temperature for the operating conditions is

below about 200° C.

. The method of Claim 1, wherein the hydrogenation catalyst particles comprise a

catalyst mixtare of at least two catalysts.

The method of Claim 28, wherein at least one of the types of catalysts in the catalyst

mixture has a function other than hydrogenation.

A method of hydrogenating a Fischer-Tropseh (“FT7) wax, comprising;
a. placing an input FT wax, at a low temperature of below about 200° C, upto a
predetermined level within a low-temperature, low-pressure hydrogenation
reactor leaving a vapor space above the predetermined level, the low-

terperature, low-pressure hydrogenation reactor having a vent ai the iop,
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containing hydrogenation catalyst particles, and including a mixing sub-
system comprising a motor and gear box, a seal, a hollow shaft gas impeller
system;

adding hydrogen gas under pressure to the low-temperature low-pressure
hydrogenation  reactor, bringing the low-lemperature low-pressure
hydrogenation reactor up to a pre-determined low operating pressure of below
about 100 psig;

mixing the input FT wax, the hydrogen gas and the hydrogenation catalyst
particles together using the mixing sabsystem under operating conditions
including a low teraperature and the pre-determined operating pressure 10
create a mixture, thus permitting the FT wax to become hydrogenated;
depressurizing the low-temperature low-pressure hydrogenation reactor;
flushing the hydrogen gas from the vapor space of the low-temperature low-
pressure hydrogenation reactor using nitrogen at a low pressure;

stopping the mixing and allowing the hydrogenation catalyst particles to settle
for a period of time, leaving at least one residual hydrogenation catalyst
particle suspended in the hydrogenated FT wax;

removing at feast a portion of the hydrogenated FT wax and the at least one
residual hydrogenation catalyst particle from the low-temperature, low-
pressure hydrogenation reactor through a dip tube by adding nitrogen under a
iow pressure to the low-temperature, low-pressure hydrogenation reactor;
sending the removed hydrogenated FT wax and the at least one residual
hydrogenation catalyst particle through a catalyst filter to remove at least one
residual hydrogenation catalyst particle and to create a filtered hydrogenated
FT wax;

degassing the fiitered hydrogenated FT wax;

subjecting the degassed, filtered hydrogenated FT wax to a vacuum distillation
process in a short path distillation systers to produce at least a first FT wax
product having a a congealing point between about 50° C and about 70° C and
a second FT wax product having a congealing point between about 85° € and
about 100° C; and

sending the second FT wax product to the low-temperature, low-pressure

hydrogenation reactor, for supplemental hydrogenation.
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31. The method of Claim 30, further comprising:
k. removing the mixture from the low-temperature, low-pressure hydrogenation
reactor;
. sending the mixiure through a heat exchanger to adjust the temperature of the
mixture; and
m. returning the temperature—adjusted mixture to the low-temperature, low-

pressure hydrogenation reactor.

32. A system for hydrogenating a Fischer-Tropsch (“FT7) wax, the system comprising:

a. a hydrogenation reactor for FT wax designed for operating conditions of & low
temperature and a pre-delermined pressure, the bydrogenation reactor for FT
wax comprising:

i. a mixing sub-system, wherein the mixing subsystem is suitable to mix
the FT wax with a plurality of hydrogenation catalyst particles and the
hydrogen gas at the operating conditions to produce a mixture and
atlow the FT wax to become hydrogenated;

ii. a vent at the top for execess hydrogen;

iii. a furst inlet to allow input of the hydrogen gas under pressure, which
brings the hydrogenation reactor up to the pre-determined pressure;
iv. asecond inlet for the FT wax; and

v. an outlet to allow egress of a floid comprising the hydrogenated FY

wax afler the mixing has stopped and the hvdrogenation catalyst

particles have been permitted to settle for 3 period of time.

33. The system of Claim 32, wherein the low-temperature hydrogenation reactor for FT

wax comprises a low-temperature, low-pressure hydrogenation reactor.

34. The system of Claim 32, further comprising:
b. a catalyst filier to remove residual hydrogenation catalyst particles from the
hydrogenated FT wax to create a filtered, hydrogenated FT wax, the catalyst
filter having a filter inlet fluidly connected to the outlet of the hydrogenation

reactor, a first outlet for egress of the filtered, hydrogenated FT wax, an inlet
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for backflush fluid and a back-flush outlet for egress of the back-flush fluid
and removed residual hydrogenation catalyst particles, the back-flush outlet

being fluidly connected with an inlet of the hydrogenation reactor.

35. The system of Claim 34, further comprising:
. a storage tank for storing the filicred, hydrogenated FT wax, having a lank
inlet fluidly connected to the filter outlet of the catalyst filter and having a tank

outlet.

36. The system of Claim 32, wherein the mixing sub-system comprises a gas induction
system having a motor and gear box, a seal, a hollow shaft with a port positioned
{0 be within the vapor space to allow hydrogen info the hollow shafl, an impeller
hlade connecied to the lower end of the hollow shaft and having one or more

outlets to allow hydrogen gas to pass from the hollow shaft into the mixture.

37. The system of Claim 32, further comprising:
d. a heater for pre-heating the FT wax to a low temperature upstream of the

hydrogenation reactor.

38. The system of Claim 32, further comprising:

e. a vacuum distiflation sub-system to produce from the heated, filtered FT
hydrogenated wax a first FT wax product having a congealing point within &
first range of congealing points and a second FT wax product having
congealing point within a second range of congealing points, the vacuum
distitlation sub-system having a subsystem inlet and a sub-system outlet; and

. a degasser, placed upstream of the vacuum distillation sub-system inlet to
remove excess gas from the heated, filtered FT hydrogenated wax, wherein the
degasser includes a degasser input and includes a degasser output that is

fluidly connected to the subsystem inlet of the vacuum distillation sub-systern.

39, The system of Claim 38, wherein the vacuum distillation sub-system comprises at

least one wiped film evaporator and at least two short path distillation onits.
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40, The system of Claim 33, wherein the operating conditions for the low-temperature,
fow-pressure hydrogenation reactor include a pressure below about 350 psig and a

1

temperature below about 280° C.

41. The system of Claim 32, further comprising:
g. a heat exchanger fluidly connected to the hydrogenation reactor o permit
removal of a portion of a fluid including the FT wax from the hydrogenator, adjusting

the temperature of the fluid, and retuming the fluid to the hydrogenation reactor.

42, An apparatus for hydrogenating a Fischer-Tropsch (“FT”) wax, the apparatus

comprising:

a. a hvdrogenation reactor shell designed for low temperature and low pressure
operating conditions and having a vent at the top for excess hydrogen;

b. a first inlet in the hydrogenation reactor shell to allow hydrogen gas to enter
the hydrogenation reactor shell under a Tow pressure;
a second inlet suitable for an FT wax;

d. a mixing mechanism inside the hydrogenation reactor shell, suitable for
mixing a mixture comprised of hydrogenation catalyst particles, the FT wax at

a low temperature and a hydrogen gas to facilitate hydrogenating the FT wax.

43, The apparatus of Claim 42, further comprising:
d. a third inlet in the hydrogenation reactor shell to allow imput of cafalyst
particles; and

e. an outlet to allow egress of a fluid comprising a hydrogenated FT wax.

44, The apparatus of Claim 42, wherein low temperature and low pressure operating
conditions include a pressure below abowt 350 psig and a temperature below about

280° C.
45.  The apparatus of Claim 42, wherein low temperature and low pressure operating

conditions include a pressure below about 120 psig and a teraperature below about

0 C
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46, The apparatus of Claim 43, further comprising:

f.

a heat exchanger system fluidly connected to the hydrogenation reactor shell
to permit removal of a portion of the mixture from the hydrogenator, adjusting
the temperature of the mixture, and returning the temperature-adjusted

mixture to the hydrogenator.

30



WO 2015/027043

Fig. 1

20

10
15

/5

PCT/US2014/052052

490 Filtered Hydrogenated

36 ) &

70

A

B

80

distiliation
system

] Wax Storage Tank
3s
32
\[ 50 Heater
m&i
: 55
30 ‘
Catelysty
Filtar
g2
&0 Short-path  {..



PCT/US2014/052052

WO 2015/027043

2/5

FIG. 2

202

;
;
§
i
m
i
i

239

AT

~ 237

232

231

228

R—— 1.

201
229

217

, @wm
e

Javie

208

200



WO 2015/027043 PCT/US2014/052052
3/5
FiG. 3
306
- 328 .
{J — = A j
o 324 | !
— {
L o323 .
i Lo
‘ Batch hydrogenator 320 s 326
Raw wax storage tank 305 j 375
}9' 301 D - — ] e 374
£FF e /"f €« l ¢
i \ a2 &
[ 0% 1 R o R L1
300 | 304 329 f’”‘LlJ / / Heat Exchanger
F &
302 nA ¥ 370
—_— \L 325
327 L
335 7 E .
VVVVVVVV 332 — 372
333
\\‘ 3§5 342
t] Catalyst filter 330 . 346
; Hydrogenated wax £
«««/a storage tank 340 G
E i i ; =
295 334 L 338 344 3
W
) A it 304
{iﬁb\ -~ FL’M % { V 392
) 32 ; Heater 350
{im{ Short Path Distillation «;:  Degasser 390 f}/ e .
372 System 360 I e~ t
- 398 / 38/ 352
382 396 354




WO 2015/027043 PCT/US2014/052052

475

FiG. 4

4905 Place hydrogenating catalyst particles within a low temperature, low pressure
hydrogenation reactor having a mixing sub-system and a vent at the top for excess hydrogen.

Ak

410 Place an input FT wax at a desired temperature within the low temperature, low pressure
hvdrogenation reactor until the FT wax reaches a predetermined level,, leaving a vapor space
above the predetermined lavel.

£

415 Add hydrogen gas under pressure to the low temperature, low pressure hydrogenation
reactor, bringing the low-temperature, low-pressure hydrogenation reactor up to a desired
operating pressure,

&
420 Under operating conditions including a low temperature and a low pressure, mix the input FT
way, the hydrogen gas and the hydrogenating catalyst particles together to create a mixture using
the mixing subsystem and continuing the mixing until a hydrogenating reaction has taken place
within the mixture.

8

425 Stop the mixing and allow the hydrogenating catalyst particles to settle from the mixture,

1

430 Remove a hydrotreated FT wax, which may include non-setiled hydrogenating catalyst

particles, from the low temperature, low pressure hydrogenation reactor through an outlet,

,,,,,,,,,, 1

435 Pass the hydrotreated FT wax with hydrotreating catalyst particles through a catalyst

filter to remove the hydrotreating catalyst particies and 1o create a filtered hydrotreated FT

i

4490 Siore the filtered hydrotreated FT wax.

wdX,
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Fig. 5

505 Place an amount of hydrogenation catalyst particles within a low-temperature, low-pressure
hydrogenation reactor having a mixing sub-system and 3 vent at the top for excess hydrogen,

4 3 .
510 Place an input FT wax, at a desired temperature, within the low-temperature, iow-pressure hydrogenation
reactor up to a predetermined level, leaving a vapor space above the predetermined level,
515 Hydrogen gas is added under pressure to the low-temperature, low-pressure hydrogenation reactor,
bring the low-temperature, ow-pressure hydrogenation reactor up to a desired operating pressure.

<k

520 Under operating conditions including a low temperature and a low pressure, mix the input FT wax, the

hydrogen gas and the hydrogenation catalyst particies together using the mixing sub-system to creste a
L # mixture and continue mixing until the FT wax is hydrogenated to a desired extent.

1

h§ 4
525 Stop the mixing and depressurize the low-temperature, low-pressure hydrogenation reactor.

<F

530 Add an inert gas under low pressure to the low-temperature, low-pressure hydrogenation reactor to flush the

hydrogen gas from the low-temperature, low-pressure hydrogenation reactor.
535 Allow the hydrogenation catalyst particles to settle for a predetermined time.
. 5
540 Remove the hydrogenated FT wax, which may include residual hydrogenation catalyst particles, from the low-
temperature, low-pressure hydrogenation reactor through an outlet.
T

545 Pass the hydrogenated FT wax with the residual hydrotreating catalyst particles through a catalyst filter to
remove the hydrogenation catalyst particles and to create 3 filtered hydrogenated FT wax,

R 0{}

550 Storing the filtered hvdrogenated FT wax.
555 Releasing stored, filtered hydrogenated FT wax for further processing, and, if needed, heating 560 the

filtered, hydrogenated FT wax released from storage.
4

570 De-gassing the filtered hydrogenated FT wax and venting the gas.

3

-

580 Separating the de-gassed, filtered hydrogenated FT wax into more than one FT wax product, including

a lower meiting point FT wax product and 3 higher melting point FT wax product.

"""" R ¥ ; b 3 i
584 Sending the higher melting point FT wax product to 582 Sending the lower melting point FT wax
the low temperature, low pressure hydrogenation reactor product to storage.

for additional hydrogenation.
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Group |: Claims 1-31 are drawn to a method for hydrogenating a Fischer-Tropséh (“FT") wax.
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The §pecial technical features of Group |, a method for hydrogenating a Fischer-Tropsch (“FT") wax, are not present in Group |l; and the
special technical features of Group Il, a system and apparatus for hydrogenating a Fischer-Tropsch (“FT") wax, are not present in Group
| .
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Groups | and Il share the technical features of a system for hydrogenating a Fischer-Tropsch ("FT") wax, the system comprising:

a. a hydrogenation reactor for FT wax designed for operating conditions of a low temperature and a pre-determined low pressure, the
hydrogenation reactor for FT wax comprising: i. a mixing sub-system, wherein the mixing subsystem is suitable to mix the FT wax with a
plurality of hydrogenation catalyst particles and the hydrogen gas at the operating conditions to produce a mixture and allow the FT wax
to become hydrogenated; ii. a vent at the top; iii. a first inlet to allow input of the hydrogen gas under pressure, which brings the
hydrogenation reactor up to the pre-determined low pressure; and iv. an outlet to allow egrass of the hydrogenated FT wax after the
mixing has stopped and the hydrogenation catalyst pamcles have been permitted to settle for a period of time. However, these features
do not represent a contribution over the prior art.

Specifically, US 2010/0199545 A1 to Hassan et al. teaches a system for hydrogenating a wax (Abstract), the system comprising: a. a
hydrogenation reactor for wax designed for operating conditions of a low temperature and a pre-determined low pressure (Para. [0008]
Para. [0013]; see PCT/US14/52052 Applicant's Specification, Paras. [0033] and [0034], ...the term "low-pressure” with respect to a
hydrogenation reactor means below about 350 psig...the term "low-temperature” with respect to a hydrogenation reactor means under
about 280° C), the hydrogenation reactor for wax comprising: i. a mixing sub-system, wherein the mixing subsystem is suitable to mix
the wax with a plurality of hydrogenation catalyst particles and the hydrogen gas at the operating conditions to produce a mixture and
allow the wax to become hydrogenated (Para. [0008]; Para. [0011]; Para. [0051], the feed stream may further comprise a particulate .
solid catalyst component); ii. a vent at the top (Para. [00B3], excess unreacted hydrogen gas may exit reactor 10 via gas line 17; Para.
[0055), reactor 10 may comprise an exit line 17 for vent gas ); iii. a first inlet to allow input of the hydrogen gas under pressure, which
brings the hydrogenation reactor up to the pre-determined low pressure (Para. [0070]); and iv. an outlet to allow egress of the
hydrogenated wax after the mixing has stopped (Para. [0033], hydrogenated products are extracted via line 16).

Further, US 6,068,760 A to Benham et al. teach a Fischer-Tropsch ("FT") wax (Abstract), and catalyst particles that have been permitted
to settle for a period of time (Abstract; Col. 2, Lns. 38-54).

The inventians listed in Groups | and Il therefore lack unity under Rule 13 because they do not share a same or corresponding special
technica! feature.
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