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PROCESS FOR HYDROPROCESSING OF NON-PETROLEUM FEEDSTOCKS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Patent Application No. 13/353,856, filed
January 19, 2012 and U.S. Provisional Application No. 61/434,414 filed January 19, 2011,

each of which is incorporated herein by reference in its entirety for all purposes.

BACKGROUND

[0002] In conventional hydroprocessing of petroleum products it is necessary to transfer

hydrogen from a vapor phase into the liquid phase where it will be available to react with a
petroleum molecule at the surface of the catalyst. This is accomplished by circulating very
large volumes of hydrogen gas and the petroleum oil through a catalyst bed. The petroleum
oil feed and the hydrogen flow through the catalyst bed and the hydrogen is absorbed into a
thin film of oil that is distributed over the catalyst. Because the amount of hydrogen required
can be large, e.g. 1000 to 5000 SCF/bbl (0.178 m’/L to 0.89 m’/L) of liquid, the reactors are
very large and can operate at severe conditions, from a few hundred psi to as much as 5000
psi (34.47 MPa), and temperatures from around 250°F - 900°F (121 °C — 482 °C).

[0003] The temperature inside the reactor is difficult to control in conventional systems.
While the temperature of the oil and hydrogen feed introduced into the reaction zone can be
controlled, once the feed/hydrogen mixture is inside the reaction zone no adjustments to the
system can be made to raise or lower the temperature of the oil/hydrogen mixture. Any
changes in the reaction zone temperature must be accomplished through an outside source.
As a result, conventional systems often inject cold hydrogen gas into the reaction zone if it
becomes too hot. This method of cooling a reactor is expensive and is a potential safety risk.
[0004] While controlling the temperature of the reaction zone is often a difficult task in
conventional systems, controlling the pressure of the hydroprocessing system is a much
easier task. Pressure control systems are used to monitor the pressure of the system. The
controls are used to release pressure through a valve or valves if the pressure becomes too
great, and to increase the pressure of the system if the pressure becomes too low. A pressure
control system cannot be used to control the pressure on a single hydroprocessing reactor,
however. This is of no serious consequence, however, because pressure may be maintained
on the entire system, but not on individual reactors.

[0005] One of the biggest problems with hydroprocessing is catalyst coking. Coking occurs

when hydrocarbon molecules become too hot in an environment where the amount of
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hydrogen available for reaction is insufficient. The hydrocarbon molecules within the reactor
crack to the point where coke, a carbonaceous residue, is formed. Cracking can take place on
the surface of the catalyst, leading to coke formation and deactivation of the catalyst.

[0006] High-contaminant and/or high-olefinic feedstocks further complicate the
hydroprocessing process. High-contaminant and/or high-olefinic feedstocks may include
petroleum materials but primarily include non-petroleum products, such as renewable
feedstocks derived from biological sources. These may be based on vegetable- or animal-
derived materials, such as vegetable and animal oils. Such high-contaminant and/or high-
olefinic feedstocks may also include pyrolysis oils derived from biomass materials, such as
cellulosic biomass materials, or coal. These non-petroleum feedstocks may be highly olefinic
and/or contain high levels of heteroatom contaminants, such as oxygen, nitrogen, sulfur, etc.
Such olefinic compounds and heteroatom contaminants may be at levels of from 10% by
weight or more of the feed.

[0007] In order to produce a valuable product from such highly olefinic and highly
contaminated feedstocks, a large amount of hydrogen is required, roughly 1500 — 4000
scf/bbl (0.267 m’/L -0.712 m*/L). Furthermore, these reactions are highly exothermic. They
generate a great deal of heat, significantly more than what is found in a typical
hydroprocessing process of petroleum products. The excessive amounts of heat generated
put the entire process at great risk. One concern is the effect of such large quantities of heat
on the catalyst. It is widely known that overheating, and subsequent coking, is one of the
most common causes of catalyst deactivation. In a process that generates significantly more
heat than the typical hydroprocessing process, temperature control in order to maintain
catalyst activity is crucial. The most serious threat involved in the hydroprocessing of high-
contaminant and/or high-olefinic feedstocks, however, is the risk of creating a runaway
reaction, a reaction that generates so much heat that the process can no longer be brought
under control. Despite turning off heaters and maximizing all cooling efforts, a runaway
reaction can continue to heat and has the potential to cause serious damage to the reactor and
process equipment. Runaway reactions contribute to a significant number of refinery
explosions, damaging equipment, slowing or stopping production, and endangering workers.
Consequently, the heat generated by the hydroprocessing of high-contaminant and/or high-
olefinic feedstocks is one the greatest problems that must be surmounted.

[0008] An additional concern that is unique for high-contaminant feedstocks is the effect of
hydroprocessing byproducts on the system. Water, hydrogen sulfide, ammonia, sulfur,

carbon, and nitrogen oxides are all common byproducts created during hydroprocessing
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reactions. While these byproducts are undesirable in the finished product and must
eventually be removed from the finished product, when using conventional petroleum
feedstocks, these byproducts are not generally present in amounts significant enough to pose
any real threat to the integrity of the process. This is not true for high-contaminant
feedstocks. The hydroprocessing of these feedstocks results in much larger quantities of
these byproducts being present in the system. These byproducts, particularly water, can be
especially harmful to the catalyst. If water is allowed to build up in the catalyst bed, a
separate aqueous phase can form. This aqueous phase is extremely harmful to the catalyst,
essentially causing it to dissolve inside the reactor. In addition, hydrogen sulfide and
ammonia, in large quantities, are widely known to inhibit catalyst activity. Therefore, it is of
great importance that the quantities of these byproducts created during the hydroprocessing of
high-contaminant feedstocks be controlled to prevent or minimize any damage they may
cause to the system.

[0009] Because prior art methods do not adequately address the problems associated with
hydroprocessing highly contaminated and/or highly olefinic feedstocks, improvements are

needed.

SUMMARY

[0010] A method of hydroprocessing is performed by introducing a non-petroleum feed
containing from 10% or more oxygen by weight to be treated along with a diluent and
hydrogen into a first reaction zone containing a hydroprocessing catalyst. The amount of
diluent combined with the non-petroleum feed is selected to at least one of (A) dissolve a
preselected amount of hydrogen in the combined non-petroleum/diluent feed; (B) maintain
the temperature within the reactor below a preselected temperature; and (C) adjust the
capacity of the liquid phase to dissolve or carry water hydrogen. The feed and hydrogen are
allowed to react in a liquid phase within the first reaction zone to produce reaction products,
at least one of the reaction products being water. Reaction products are removed from the
first reaction zone. Water is separated from the removed reaction products as an aqueous
phase to provide a separated reaction product that is free from the separated water. At least a
portion of the separated reaction product is introduced as a feed along with hydrogen into a
second reaction zone containing a hydroprocessing catalyst. The separated reaction product
feed and hydrogen is allowed to react in a liquid phase within the second reaction zone to

produce a second-reaction-zone reaction product.
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[0011] In more specific embodiments, the diluent is provided by at least one of a further
portion of the separated reaction product of step from the first reaction zone and at least a
portion of the second-reaction-zone reaction product. The separated reaction product may be
substantially water-free.

[0012] In certain instances, the water may make up at least 10% by weight of the total
reaction products. In other cases, the water may make up at least 20% by weight of the total
reaction products and in others the water may make up at least 30% by weight of the total
reaction products.

[0013] In some embodiments the non-petroleum feed is comprised of pyrolysis oils. Such
pyrolysis oils may be derived from at least one of cellulosic biomass materials and coal. The
non-petroleum feed to be treated may be comprised of at least 20% by weight oxygen. The
non-petroleum feed may be introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first
reaction zone.

[0014] In certain embodiments, the removed reaction products from the first reaction zone
are cooled prior to separating water. The first and second reaction zones may be reactors,
with each reactor containing greater than 10% hydrogen gas by total volume of the reactor.
In certain instances, no excess hydrogen gas is vented from the first and second reaction
zones that would otherwise facilitate controlling quantities of liquids within the reaction
zones.

[0015] In another aspect of the invention, a method of hydroprocessing is carried out by
introducing a non-petroleum feed containing from 10% or more oxygen by weight to be
treated along with a diluent and hydrogen into a first reaction zone containing a
hydroprocessing catalyst. The amount of diluent combined with the non-petroleum feed is
selected to at least one of (A) dissolve a preselected amount of hydrogen in the combined
non-petroleum/diluent feed; (B) maintain the temperature within the reactor below a
preselected temperature; and (C) adjust the capacity of the liquid phase to dissolve or carry
water. The feed and hydrogen are allowed to react in a liquid phase within the first reaction
zone to produce reaction products, at least one of the reaction products being water. The
reaction products from the first reaction zone are removed and the removed reaction products
are cooled. Water is separated from the removed reaction products to provide a separated
reaction product that is free from the separated water. At least a portion of the separated
reaction product is introduced as a feed along with hydrogen into a second reaction zone

containing a hydroprocessing catalyst. The separated reaction product and hydrogen are
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allowed to react in a liquid phase within the second reaction zone to produce reaction
products. The reaction products are removed from the second reaction zone and cooled. Any
gas phase and any liquid water phase are separated from the cooled reaction products to form
a separated reaction product that is free from any separated liquid water to provide a
separated liquid reaction product.

[0016] In particular embodiments the diluent is provided by at least one of a further portion
of the separated reaction product from the first reaction zone and at least a portion of the
separated liquid reaction product from the second reaction zone. The separated reaction
product may be substantially water-free.

[0017] In certain instances, the water may make up at least 10% by weight of the total
reaction products. In other cases, the water may make up at least 20% by weight of the total
reaction products and in others the water may make up at least 30% by weight of the total
reaction products.

[0018] In some embodiments the non-petroleum feed is comprised of pyrolysis oils. Such
pyrolysis oils may be derived from at least one of cellulosic biomass materials and coal. The
non-petroleum feed to be treated may be comprised of at least 20% by weight oxygen. The
non-petroleum feed may be introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first
reaction zone.

[0019] In certain embodiments, the removed reaction products from the first reaction zone
are cooled prior to separating water. The first and second reaction zones may be reactors,
with each reactor containing greater than 10% hydrogen gas by total volume of the reactor.
In certain instances, no excess hydrogen gas is vented from the first and second reaction
zones to facilitate controlling quantities of liquids within the reaction zones.

[0020] In still another aspect of the invention, a method of hydroprocessing is performed by
introducing a non-petroleum feed to be treated containing from 10% or more by total weight
of feed of at least one of olefinic compounds and heteroatom contaminants along with a
diluent and hydrogen into a first reaction zone containing a hydroprocessing catalyst. The
amount of diluent combined with the non-petroleum feed is selected to at least one of (A)
dissolve a preselected amount of hydrogen in the combined non-petroleum/diluent feed; (B)
maintain the temperature within the reactor below a preselected temperature; and (C) adjust
the capacity of the liquid phase to dissolve or carry water. The feed and hydrogen are
allowed to react in a liquid phase within the first reaction zone to produce reaction products.

The reaction products are removed from the first reaction zone and cooled. At least a portion
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of the cooled reaction product is introduced as a feed along with hydrogen into a second
reaction zone containing a hydroprocessing catalyst. The separated reaction product and
hydrogen are allowed to react in a liquid phase within the second reaction zone to produce a
second-reaction-zone reaction product.

[0021] In particular embodiments the diluent is provided by at least one of a further portion
of the cooled reaction product from the first reaction zone and at least a portion of the
second-reaction-zone reaction product.

[0022] In certain instances any water from the cooled reaction products from the first and
second reaction zones may be separated as an aqueous phase to provide separated reaction
products that are free from the separated water. In such instances, the diluent may be
provided by at least a portion of one of the separated reaction products from the first and
second reaction zones. The separated reaction products may be substantially water-free.
[0023] In certain instances, the water may make up at least 10% by weight of the total
reaction products. In other cases, the water may make up at least 20% by weight of the total
reaction products and in others the water may make up at least 30% by weight of the total
reaction products.

[0024] In some embodiments the non-petroleum feed is comprised of pyrolysis oils. Such
pyrolysis oils may be derived from at least one of cellulosic biomass materials and coal. The
non-petroleum feed to be treated may be comprised of at least 20% by weight oxygen. The
non-petroleum feed may be introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first
reaction zone.

[0025] In certain embodiments, the removed reaction products from the first reaction zone
are cooled prior to separating water. The first and second reaction zones may be reactors,
with each reactor containing greater than 10% hydrogen gas by total volume of the reactor.
In certain instances, no excess hydrogen gas is vented from the first and second reaction
zones to facilitate controlling quantities of liquids within the reaction zones.

[0026] In another embodiment, a method of hydroprocessing is carried out by performing
steps (a) through (i). In (a), a non-petroleum feed to be treated containing from 10% or more
by total weight of feed of at least one of olefinic compounds and heteroatom contaminants is
introduced along with hydrogen into a first reaction zone containing a hydroprocessing
catalyst. In (b), the feed and hydrogen are allowed to react in a liquid phase within the first
reaction zone to produce reaction products. In (c), the reaction products are removed from

the first reaction zone and (d) cooled. In (e), at least a portion of the cooled reaction products
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are introduced as a feed along with hydrogen into a second reaction zone containing a
hydroprocessing catalyst. In (f), the introduced reaction products and hydrogen are allowed
to react in a liquid phase within the second reaction zone to produce reaction products. In
(g), the reaction products produced from the second reaction zone in (f) are removed from the
second reaction zone and cooled in (h). In (i), at least one of (1) a further portion of the
cooled reaction product of step (d) and (2) at least a portion of the cooled reaction products of
step (h) are combined with at least one of the feeds of step (a) and step (e). Finally, in an
optional step, steps (e) through (h), and optionally (i), may be repeated for any additional
reaction zones, as necessary, to provide a final reaction product.

[0027] In another embodiment, a method of hydroprocessing is carried out by performing
steps (a) through (g), where (a) comprises introducing a non-petroleum feed containing from
10% or more oxygen by weight to be treated along with hydrogen into a first reaction zone
containing a hydroprocessing catalyst. In (b), the feed and hydrogen are allowed to react in a
liquid phase within the first reaction zone to produce reaction products, at least one of the
reaction products being water. In (c), the reaction products are removed from the first
reaction zone. In (d), water is separated from the removed reaction products as an aqueous
phase to provide a separated reaction product that is free from the separated water. In (e), at
least a portion of the separated reaction product is introduced as a feed along with hydrogen
into a second reaction zone containing a hydroprocessing catalyst. In (f), the separated
reaction product feed and hydrogen are allowed to react in a liquid phase within the second
reaction zone to produce second-reaction-zone reaction products. In (g), at least one of (1) a
further portion of the separated reaction product of step (d) and (2) at least a portion of the
second-reaction zone reaction products of step (f) are combined with at least one of the feeds
of step (a) and step (e). In an optional step (h), steps (e) through (f) and optionally (g) may be
repeated for any additional reaction zones, as necessary, to provide a final reaction product.
[0028] In a further embodiment, a method of hydroprocessing requires the performance of
steps (a) through (k), where (a) is introducing a non-petroleum feed containing from 10% or
more oxygen by weight to be treated along with hydrogen into a reaction zone containing a
hydroprocessing catalyst. In (b), the feed and hydrogen are allowed to react in a liquid phase
within the reaction zone to produce reaction products, at least one of the reaction products
being water. In (c), the reaction products are removed from the reaction zone. In (d), the
removed reaction products are cooled. In (e), water is separated from the removed reaction
products to provide a separated reaction product that is free from the separated water. In (f),

at least a portion of the separated reaction product is introduced as a feed along with
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hydrogen into a second reaction zone containing a hydroprocessing catalyst. In (g), the
separated reaction products and hydrogen are allowed to react in a liquid phase within the
second reaction zone to produce reaction products. In (h), the reaction products produced in
(g) are removed from the second reaction zone. In (i), the removed reaction products from
(h) are cooled. In (j), any gas phase and any liquid water phase from the cooled reaction
products from (i) are separated to form a separated reaction product that is free from any
separated liquid water to provide a separated liquid reaction product. In (k), at least one of
(1) a further portion of the separated reaction product of step (e) and (2) at least a portion of
the separated liquid reaction product of step (j) are combined with at least one of the feeds of
step (a) and step (f). In an optional step (1), steps (f) through (j) and optionally (k) may be
repeated for any additional reaction zones, as necessary, to provide a final separated reaction

product.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] For a more complete understanding of the present invention, and the advantages

thereof, reference is now made to the following descriptions taken in conjunction with the
accompanying figures, in which:

[0030] FIGURE 1 is a process flow diagram schematic showing a hydroprocessing system
that may be used for hydroprocessing high-contaminant and/or high-olefinic feedstocks;
[0031] FIGURE 2 is a process flow diagram schematic showing a hydroprocessing system
that may be used for hydroprocessing of high-contaminant and/or high-olefinic feedstocks
and that employs reactors having multiple reaction zones;

[0032] FIGURE 3 is a process flow diagram schematic showing a hydroprocessing system
employing flash vessels to facilitate separation of reaction products; and

[0033] FIGURE 4 is a schematic representation of a reactor that may be used in the
hydroprocessing system for hydroprocessing high-contaminant and/or high-olefinic

feedstocks.

DETAILED DESCRIPTION

[0034] In accordance with the present invention, a process has been developed wherein high-

contaminant feedstocks or feedstocks with high-olefinic content can be treated. As used
herein, high-contaminant feed stocks are those containing heteroatoms, such as sulfur,
nitrogen, oxygen, and metals, which may be at levels of from 10% or more by weight of the
feed. High-olefinic feedstocks are those having from 10% or more of olefinic molecules by
weight of the feed. Such feedstocks can be converted, through hydroprocessing, into useful
products while keeping reaction zone temperatures well-controlled and maintaining catalyst
activity. As used herein, the term “hydroprocessing” is meant to include hydrotreating,
hydrofinishing, hydrorefining, hydrocracking, hydroisomerization, and hydrodemetalization.

[0035] Such high-contaminant and/or high-olefinic feedstocks may include non-petroleum
products, such as renewable feedstocks derived from biological sources. These may be
derived from or based on vegetable, animal, and cellulosic materials, and combinations of
such materials. ~ Such high-contaminant and/or high-olefinic feedstocks may include
vegetable oils, animal oils, and other bio oils. The high-contaminant and/or high-olefinic
feedstocks may also include pyrolysis oils from biomass materials, such as cellulosic biomass
materials, or coal. These feedstocks may be highly olefinic and/or contain heteroatoms, such
as oxygen, nitrogen, sulfur, metals, etc. As used herein, with respect to olefinic compounds

weight percentages are based on weight of the olefinic molecules. With respect to
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heteroatom contaminants, weight percentages are based upon the weight of the heteroatoms.
Such olefinic compounds and heteroatom contaminants may be at levels of from 10%, 15%,
20%, 25%, 30%, 35%, 40%, 45%, 50% or more by weight or more of the feedstock. In
particular, the olefinic compounds and heteroatom contaminants may make up from 10% to
50% by weight of the feedstock. In certain embodiments, the feed stock may have an oxygen
content of from 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50% by weight or more.

[0036] It should be understood that with respect to any concentration or amount range listed
or described herein as being useful, suitable, or the like, it is intended to include every
concentration or amount within the range, including the end points, and is to be considered as
having been specifically stated. For example, “a range of from 1 to 10” is to be read as
indicating each and every possible number along the continuum between about 1 and about
10. Thus, even if specific data points within the range, or even no data points within the
range, are explicitly identified or refer to only a specific few, it is to be understood that the
inventors appreciate and understand that any and all data points within the range are to be
considered to have been specified, and that the inventors are in possession of the entire range
and all points within the range.

[0037] The high-contaminant and/or high-olefinic feedstock may be entirely a non-petroleum
product or material and be treated in accordance with the invention without the addition or
combining with any petroleum feedstocks that are treated. In most instances, the high-
contaminant and/or high-olefinic feedstock is a renewable material that is derived from
biological sources and may also include pyrolysis oils from biomass materials, such as
cellulosic biomass materials, or coal. While coal is not generally considered a renewable
material, it is a non-petroleum material and for purposes of the present discussion is meant to
be included with renewable and biomass materials because of its similar properties and
should be construed as such unless otherwise stated or is apparent from its context.

[0038] The high-contaminant and/or high-olefinic feedstock may be introduced into a
reactor along with hydrogen gas under conditions so that substantially all the feed and
hydrogen introduced may be in a continuous liquid phase as a hydrogen-gas-free liquid feed
stream prior to introduction into the reactor. This may be accomplished by the use of a
diluent that is combined with the feed and hydrogen, as well as setting of the reactor
conditions so that all of the hydrogen required in the hydroprocessing reactions is available in
solution. The use of such methods wherein in a liquid diluent is used to dissolve hydrogen

gas so that it is present in solution for reaction is described in U.S. Patent Nos. 6,123,835;
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6,428,686; 6,881,326; 7,291,257; and 7,569,136, each of which is incorporated herein by
reference for all purposes.

[0039] The feedstock and hydrogen can then be fed as a liquid to a reactor, such as a plug
flow or tubular reactor, packed with hydroprocessing catalyst where the oil and hydrogen
react. The reactor may contain no hydrogen gas. In other cases there may be small amounts
of hydrogen gas that may be present in the reactor that evolve from solution or that may
otherwise be present or introduced into the reactor. In such cases, the reactor may contain
from 10%, 5%, 4%, 3%, 2%, 1% or less of any hydrogen gas by total volume of the reactor.
This hydrogen gas within the reactor may eventually enter into solution as the hydrogen in
solution is consumed during the reaction. Such hydrogen gas, as well as any other gases (e.g.
light end hydrocarbons), may also be vented from the reactor, if desired. In certain
embodiments, no hydrogen gas may be added directly to the reactor, with all hydrogen for
reaction being mixed with the feed and any diluent prior to introduction into the reactor. In
many cases, no additional hydrogen is required to be added, therefore, hydrogen recirculation
is avoided, as in trickle bed reactors. The large trickle bed reactors used in conventional
hydroprocessing systems can therefore be replaced by much smaller reactors. Elimination of
the recycle compressor and the use of, for example plug flow or tubular reactors, may greatly
reduce the capital cost of the hydrotreating process. The continuous liquid phase reactors also
provide more control over the reaction zone temperature, acting as a heat sink to stabilize the
temperature inside the reaction zone. The added diluent also serves to increase the quantity
of hydrogen capable of being dissolved into the feedstock and also serves to aid in
maintaining a single liquid phase inside the reaction zone.

[0040] In other embodiments, the high-contaminant and/or high-olefinic feedstock may be
introduced as a liquid phase that contains a quantity of hydrogen gas contained in the liquid,
with or without any additional diluents. Such quantities of hydrogen gas in the liquid feed
may be small, such as from 1% to 15% by volume of the feed. The hydrogen gas may be
entrained in the liquid feed without separation of the hydrogen gas prior to being introduced
into the reactor. Such excess hydrogen gas may be used as make up as hydrogen is consumed
during the reaction. Furthermore, such hydrogen gas may remain in the reactor without
venting of excess hydrogen gas from the reactor. If venting of hydrogen gas does occur, it
may be vented without facilitating the control of any liquid level within the reactor.

[0041] In certain embodiments, hydrogen gas may be present in the reactor in amounts of
from greater than 10% to 60% of hydrogen gas by volume of the reactor, more particularly

from greater than 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, or 55% to 60% by
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volume of the reactor. Such hydrogen gas within the reactor may be that that is added
directly with the feed, without adding hydrogen gas directly into the reactor. Hydrogen gas
may be added directly to the reactor in some embodiments, however.

[0042] The reactors for hydroprocessing as described herein contain a hydroprocessing
catalyst. Such hydroprocessing catalysts are well known in the art. The amount of catalyst
used in the reactors may be that that provides sufficient conversion. The amount of catalyst
may provide a LHSV of from 0.1 to 10 hr'. Reactor temperatures typically range from 100
to 500 °C.

[0043] In the case of a feedstock with high oxygen content, as in, for example, a renewable
feedstock such as animal or vegetable oil, etc., the oxygen, under hydroprocessing conditions
inside the reaction zone, is converted into water. The greater the quantity of water produced,
the more likely it is that two distinct liquid phases will form inside the reaction zone: a
hydrocarbon phase and an aqueous phase. If an aqueous liquid phase forms inside the
reaction zone, severe damage to the catalyst may result. To maintain catalyst activity, the
water created during the reaction between hydrogen and oxygen must be held in solution with
the hydrocarbon component and dissolved hydrogen. A diluent or recycle stream added to
the feed may provide a greater capacity for holding hydrogen in solution. The diluent or
recycle also facilitates adjusting the capacity for holding water in solution, without creating
an aqueous phase. In many cases diluent is provided by a product stream of the
hydroprocessing reaction that is recycled and added as a diluent. In other cases, such as
during startup, diluent may be added from an existing or previously provided diluent source.
As used herein, the term “diluent” may therefore be construed as diluent provided as a
separate source or as a recycle stream from the process, unless expressly stated otherwise or
is apparent from its context. With more diluent or recycle, higher amounts of water, as well
as other byproducts, may be held in solution. The diluent or recycle may also serve to
stabilize reaction zone temperatures and increases the capacity of the liquids inside the
reaction zone for holding heat, dissolved hydrogen, and reaction by-products.

[0044] Though the diluent is effective in controlling reaction zone temperatures and
mitigating the effects of reaction by-products in hydroprocessing systems utilizing traditional
feedstocks, the enormous quantities of heat and reaction by-products produced by a system
involved in the hydroprocessing of high-contaminant and/or high-olefinic feedstocks may not
be managed solely through the addition of a diluent or recycle. To overcome such
shortcomings, multiple reactors, or multiple reaction zones, may be used. This allows for the

removal of heat and reaction by-products, if necessary or desired, in between reactors and/or
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reaction zones. Heat can be removed from the effluent between reaction zones by cooling the
reaction zone effluent. Reaction by-products can be removed by forming a liquid phase and a
gas phase from the cooled reaction products, and removing the gas phase ahead of the next
reaction zone. Alternately, the reaction zone effluent can be flashed without any previous
cooling step, removing a portion of the reaction by-products and dissipating a great deal of
heat with the flash. The removal of additional heat and reaction by-products between
reaction zones, in combination with the benefits inside the reactor(s) of operating in a liquid
phase and using a liquid diluent or liquid recycle, creates a process that can be safely and
efficiently manage highly exothermic reactions and large amounts of catalyst-deactivating
reaction by-products, such as those from high-contaminant and/or high-olefinic feeds,
without reducing conversion rates.

[0045] The process wherein high-contaminant and/or high-olefinic feedstocks are converted
through hydroprocessing into useful products keeps reaction zone temperatures well-
controlled and maintains catalyst activity. This is accomplished by utilizing the methods
described herein to stabilize the temperature of liquids inside the reaction zone, to dissipate
heat from reaction zone effluents prior to entering subsequent reaction zones, to minimize the
effects of reaction by-products on catalyst beds inside reaction zones, and to remove harmful
reaction by-products between reaction zones. The temperature of the liquids inside the
reaction zone is stabilized, at least in part, by creating a liquid phase solution inside the
reaction zone. This is accomplished by mixing and/or flashing the hydrogen and the feed to
be treated in the presence of a diluent having a relatively high solubility for hydrogen.
Excess hydrogen may be mixed and/or flashed into the hydrocarbon feed to be treated and
diluent solution so that the maximum capacity of the feed and diluent solution for hydrogen is
utilized, with or without any amounts of hydrogen gas entrained in such liquid.

[0046] The type and amount of diluent added, as well as the reaction zone conditions, can be
set so that all of the hydrogen required in the hydroprocessing reaction is available in
solution. The feed to be treated, diluent, and hydrogen solution can then be fed to a plug
flow, tubular or other reactor packed with catalyst where the feed and hydrogen react.

[0047] The reactors may be altered in configuration and in number to accommodate the
specifications required of the product, given a specific feed. To achieve the desired product
specifications from a particularly contaminated feed may necessitate the addition of one or
more additional reactors and/or reaction zones. Even in the case where multiple reactors, or
reaction zones, are required, the reactors of the present invention are preferred to

conventional reactors because their smaller size and more simple design may result in a
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reduction of capital cost when compared to conventional systems. In addition to utilizing
multiple reactors, it may also be possible to house multiple catalyst beds and reaction zones
within a single reactor housing. The creation of multiple-bed reactors further lowers capital
cost by utilizing a single reactor vessel to house multiple catalyst beds. The catalyst beds
may contain the same catalyst type, or they may contain different catalyst types to more
efficiently accomplish the product specification goal.

[0048] Most of the reactions that take place in hydroprocessing are highly exothermic, and as
a result, a great deal of heat is generated in the reaction zone. The temperature of the reaction
zone can be controlled by using a recycle stream. A controlled volume of reaction zone
effluent can be recycled back to the front of the reaction zone, using a reheater as necessary,
and blended with fresh feed and hydrogen. The recycle stream absorbs heat created by the
reaction of the feed and hydrogen on the catalyst and reduces the temperature rise through the
reaction zone. The reaction zone temperature can be controlled by controlling the fresh feed
temperature, using a preheater as necessary, and the amount of recycle. In addition, because
the recycle stream contains molecules that have already reacted, it also serves as an inert
diluent, as previously discussed.

[0049] The use of a liquid phase reaction zone provides an additional level of control of the
temperature inside the reaction zone. The advantage of a liquid phase reactor is that liquids,
in general, have higher heat capacities than gases. The greater the heat capacity of a given
material, the greater ability that material has for absorbing heat from its surroundings while
undergoing a minimal increase in temperature itself. A liquid phase reactor acts as a heat
sink, absorbing excess heat from the reaction zone to equalize the temperature throughout.
With the introduction of the liquid phase reactor using typical hydroprocessing feedstocks,
the process becomes much closer to being isothermal, reducing a typical 40°F to 60°F (4.4 °C
to 15.6 °C) temperature difference between the reactor inlet and reactor outlet to
approximately a 5°F to 15°F (1.8 °C to 8.3 °C) temperature difference. In addition to
reducing the temperature difference between the reactor inlet and reactor outlet temperatures,
the liquid phase reactor also serves to greatly reduce the problem of hot spots developing
within the catalyst bed. Consequently, with the use of liquid phase hydroprocessing
according to the present invention, coking can be nearly eliminated or minimized because
there is always enough hydrogen available in solution to avoid coking when cracking
reactions take place. This can lead to much longer catalyst life and reduced operating and

maintenance costs.
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[0050] While conventional hydroprocessing of typical hydrocarbon feedstocks may generate
heat, the amount of heat generated in these reactions is insignificant compared to the heat
generated during the hydroprocessing of highly contaminated and/or highly olefinic
feedstocks, as described herein. These feedstocks, whether a hydrocarbon feedstock or a
biological or renewable feedstock, require massive amounts of hydrogen. Consequently,
hydroprocessing of these materials creates significantly more heat than can be managed using
a conventional hydroprocessing process. To create quality products from these high-
contaminant and/or high-olefinic feedstocks and to maintain catalyst activity and integrity,
more must be done to remove heat and control the temperature of the process.

[0051] The extreme quantities of heat can be managed by keeping reaction zones small and
utilizing multiple reaction zones to accomplish the goal, by providing an adequate quantity of
liquid diluent or recycle to increase the heat capacity of the liquids inside the reaction
zone(s), and by providing a method of removing heat from the liquid reactants between
reaction zones using heat exchangers or flash vessels to lower the temperature of the liquid
reactants prior to entry into subsequent reaction zones.

[0052] Another problem found in hydroprocessing is the production of reaction by-products,
namely light end hydrocarbon gases. These molecules, predominately methane, are an
undesirable product which, in great enough quantities, must be recovered, at additional cost.
These light ends increase in quantity as the temperature of the reaction goes up. The problem
of light end production is further compounded by the tendency for a reactor to develop hot
spots, areas where the temperature increases significantly above the set temperature for the
reactor. To combat this occurrence, conventional hydroprocessing systems employ the use of
quench boxes which are placed throughout the reactor. The quench boxes serve to inject cold
hydrogen into the reactor to reduce the temperature inside the reactor. Not only is hydrogen
an expensive choice for cooling the reactor, it can pose a safety hazard. The design of the
quench boxes and the method of controlling how they introduce hydrogen into the reactor are
vital, because an error could cause the loss of control of the entire system. A runaway
reaction could be started, possibly creating an explosion.

[0053] Using liquid phase hydroprocessing, cracking is greatly reduced, often by a 10-fold
reduction, through the use of a liquid phase reactor working also as a heat sink to create a
reactor environment that is close to isothermal. The amounts of light end hydrocarbons are
therefore significantly reduced. This near isothermal environment eliminates the need for
cold hydrogen quench boxes, reduces the capital cost of hydrogen required for the process

and increases the safety of the system.
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[0054] In the hydroprocessing of high-contaminant and/or high-olefinic  feedstocks,
especially those of biological origin, the reaction by-products produced during
hydroprocessing are a serious concern. Higher feedstock contaminant levels translate to
greater quantities of reaction by-products from those contaminants: hydrogen sulfide,
ammonia, sulfur, carbon, and, of perhaps greatest concern, water. In large enough quantities,
these by-products can wreck havoc on catalyst beds. Indeed, depending on the oxygen
content of the feed, water produced as a reaction product in the reactor or reactors may make
up from at least 10%, 20%, 30%, 40%, 50% or more by weight of the reaction products
produced in such reactor or reactors. Water, specifically, has the potential to come out of
solution with the hydrocarbonaceous reactants and products. If this occurs, wherein two
separate liquid phases, i.e. an aqueous phase and a hydrocarbonacous phase, are present in the
reaction zone, the aqueous phase will rapidly deactivate the catalyst and may effectively
dissolve it inside the reactor.

[0055] The buildup of hydrogen sulfide and ammonia are also of great concern, as they are
both widely known to inhibit catalyst activity. With the hydroprocessing of high-
contaminant and/or high-olefinic feedstocks, the production of these undesirable reaction by-
products may occur at levels to cause concern. In order to create quality products from these
high-contaminant and/or high-olefinic feedstocks and maintain catalyst activity and integrity,
the quantities of these reaction by-products in solution must be controlled so as to prevent
their build-up to levels that will compromise the process.

[0056] The combination of controlling reaction zone temperature and managing the quantity
of harmful reaction by-products in the process: utilizing multiple small reaction zones,
providing an adequate quantity of a diluent or recycle to increase the capacity of the liquids
inside the reaction zone for holding heat and keeping reaction by-products in solution, and
the use of heat exchangers, separators, and/or flash vessels to remove undesirable quantities
of heat and reaction by-products from the liquid reactants prior to entry into subsequent
reaction zones, all facilitate making the hydroprocessing of highly contaminated and/or
highly olefinic feedstocks a viable option.

[0057] Referring to Figure 1, a flow diagram schematic of a hydroprocessing system 100 that
is configured in accordance with the invention is shown. A high-contaminant and/or high-
olefinic feedstock 101, which may be a renewable material, such as pyrolysis oil or those
non-petroleum materials previously described, is passed through preheater 102. Preheater
102 may only be required during unit startup. After the initial startup period, the feedstock
101 is preheated as it passes through a series of heat exchangers: 115, 135, 155, 175, and 195,
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and preheater 102 is no longer necessary. The heated high-contaminant and/or high-olefinic
feedstock 101 is then blended with a diluent 103 to form a liquid feedstock-diluent mixture
104. The amount of diluent 103 added may be that sufficient to dissolve a preselected
amount of hydrogen in the combined feed-diluent mixture; to maintain the temperature within
the reactor(s) below a preselected temperature; or to adjust the capacity of the liquid phase to
dissolve or carry water; or a combination of these.

[0058] A controlled amount of hydrogen gas 105 is mixed with and dissolved into feedstock-
diluent mixture 104 to form a liquid phase feed, diluent, and hydrogen mixture 109.

[0059] The liquid feedstock, diluent, and hydrogen mixture 109 is then fed into reactor 110
and reacted in the reactor’s reaction zone(s) to form a liquid phase reacted effluent 112
containing reaction products. Any evolved or excess undissolved hydrogen gas and light
ends may be vented from the top of the reaction zone(s) through vent 113 to facilitate
controlling the quantity of liquids in the reactor. In other embodiments, hydrogen gas
remains in the reactor(s) with no venting of hydrogen gas from the reactor(s). Alternatively,
any venting of hydrogen gas from the reactor may be for purposes other than for controlling
the quantity of liquid within the reactor, with the liquid level within reactor 110 being
controlled by the input of hydrogen at 105.

[0060] The reacted effluent 112 is then passed through heat exchanger 115 to lower the
temperature of the reacted effluent 112 and to facilitate the separation of light end
hydrocarbons, water, other reaction by-products, and excess hydrogen from the reacted
effluent 112 into the gas phase to create multi-phase reacted effluent 117 comprising: 1) a gas
phase reacted effluent and a liquid phase hydrocarbonaceous reacted effluent or 2) a gas
phase reacted effluent, a liquid phase hydrocarbonaceous reacted effluent, and liquid water or
aqueous phase. The multi-phase reacted effluent 117 is then introduced into separator 120
and separated into as many as three separate components: liquid water 122,
hydrocarbonaceous reacted effluent 124, and gas phase reacted effluent 126 comprising light
ends and excess hydrogen gas. The rate at which the gas phase reacted effluent 126 exits the
separator 120 is controlled by valve 127. Note that, depending on the feedstock and process
conditions, liquid water 122 may not be formed in the separator. If water is created as a
reaction by-product in reactor 110, it may, alternately, remain dissolved in the
hydrocarbonaceous phase of the reacted effluent 117 or it may also move into the gas phase
as a vapor and exit the separator 120 with the gas phase reacted effluent 126.

[0061] Additional hydrogen gas 128 is then mixed with and dissolved into liquid

hydrocarbonaceous reacted effluent 124 and fed into intermediate reactor 130 and reacted in
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the reactor’s reaction zone(s) to form a liquid phase reacted effluent 132. Any excess
undissolved hydrogen gas and light ends may be vented from the top of the reaction zone(s)
through vent 133. The quantity of hydrogen gas 128 added to the hydrocarbonaceous reacted
effluent 124 is adjusted by valve 129, which is controlled by level controller 131. The reacted
effluent 132 is then passed through heat exchanger 135 to lower the temperature of the
reacted effluent and to facilitate the separation of light end hydrocarbons, water, other
reaction by-products, and excess hydrogen from the reacted effluent 132 into the gas phase to
create multi-phase reacted effluent 137 comprising: 1) a gas phase reacted effluent and a
liquid phase hydrocarbonaceous reacted effluent or 2) a gas phase reacted effluent, a liquid
phase hydrocarbonaceous reacted effluent, and liquid water or aqueous phase. The multi-
phase reacted effluent 137 is then introduced into separator 140 and separated into as many as
three separate components: liquid water or aqueous phase 142, liquid hydrocarbonaceous
reacted effluent 144, and gas phase reacted effluent 146. The rate at which the gas phase
reacted effluent 146 exits the separator 140 is adjusted by valve 147.

[0062] Additional hydrogen gas 148 is then mixed with and dissolved into the liquid
hydrocarbonaceous reacted effluent 144 and fed into intermediate reactor 150 and reacted in
the reactor’s reaction zone(s) to form a liquid phase reacted effluent 152. Excess undissolved
hydrogen gas and light ends may be vented from the top of the reaction zone(s) through vent
153. The quantity of hydrogen gas 148 added to the hydrocarbonaceous reacted effluent 144
is adjusted by valve 149, which is controlled by level controller 151. The reacted effluent 152
is then passed through heat exchanger 155 to lower the temperature of the reacted effluent
and to facilitate the separation of light end hydrocarbons, water, other reaction by-products,
and excess hydrogen from the reacted effluent 152 into the gas phase to create multi-phase
reacted effluent 157 comprising: 1) a gas phase reacted effluent and a liquid phase
hydrocarbonaceous reacted effluent or 2) a gas phase reacted effluent, a liquid phase
hydrocarbonaceous reacted effluent, and liquid water or aqueous phase. The multi-phase
reacted effluent 157 is then introduced into separator 160 and separated into as many as three
separate components: liquid water or aqueous phase 162, liquid hydrocarbonaceous reacted
effluent 164, and gas phase reacted effluent 166. The rate at which the gas phase reacted
effluent 166 exits the separator 160 is adjusted by valve 167.

[0063] Additional hydrogen gas 168 is then mixed with and dissolved into the liquid
hydrocarbonaceous reacted effluent 164 and fed into intermediate reactor 170 and reacted in
the reactor’s reaction zone(s) to form a liquid phase reacted effluent 172. Excess undissolved

hydrogen gas and light ends are vented from the top of the reaction zone(s) through vent 173.
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The quantity of hydrogen gas 168 added to the hydrocarbonaceous reacted effluent 164 is
adjusted by valve 169, which is controlled by level controller 171. The reacted effluent 172 is
then passed through heat exchanger 175 to lower the temperature of the reacted effluent and
to facilitate the separation of light end hydrocarbons, water, other reaction by-products, and
excess hydrogen from the reacted effluent 172 into the gas phase to create multi-phase
reacted effluent 177 comprising: 1) a gas phase reacted effluent and a liquid phase
hydrocarbonaceous reacted effluent or 2) a gas phase reacted effluent, a liquid phase
hydrocarbonaceous reacted effluent, and liquid water or aqueous phase. The multi-phase
reacted effluent 177 is then introduced into separator 180 and separated into as many as three
separate components: liquid water or aqueous phase 182, liquid hydrocarbonaceous reacted
effluent 184, and gas phase reacted effluent 186. The rate at which the gas phase reacted
effluent 186 exits the separator 180 is adjusted by valve 187.

[0064] Additional hydrogen gas 188 is then mixed with and dissolved into the liquid
hydrocarbonaceous reacted effluent 184 and fed into a final reactor 190 and reacted in the
reactor’s reaction zone(s) to form a final liquid phase reacted effluent 192. Excess
undissolved hydrogen gas and light ends may be vented from the top of the reaction zone(s)
through vent 193. The quantity of hydrogen gas 188 added to the liquid hydrocarbonaceous
reacted effluent 184 is adjusted by valve 189, which is controlled by level controller 191. The
final reacted effluent 192 is then passed through heat exchanger 195 to lower the temperature
of the reacted effluent 192 and to facilitate the separation of light end hydrocarbons, water,
other reaction by-products, and excess hydrogen from the reacted effluent 192 into the gas
phase to create multi-phase reacted effluent 197 comprising: 1) a gas phase reacted effluent
and a liquid phase hydrocarbonaceous reacted effluent or 2) a gas phase reacted effluent, a
liquid phase hydrocarbonaceous reacted effluent, and liquid water or aqueous phase. The
multi-phase reacted effluent 197 is then introduced into separator 200 and separated into as
many as three separate components: liquid water or aqueous phase 202, final liquid
hydrocarbonaceous product 204, and gas phase reacted effluent 206.

[0065] A portion of final hydrocarbonaceous product 204 may then be used to form the
diluent stream 103 that is mixed with the initial high-contaminant and/or high-olefinic
feedstock 101 at the start of the process. Although not shown, the final product 204 or other
intermediate liquid hydrocarbonaceous product streams may also be recycled and used as
added diluent for any feedstream introduced into any of the initial or intermediate reactors to
facilitate dissolution of hydrogen. Alternatively, diluent from another source may be mixed

with the initial feedstock 101 or intermediate feed streams.
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[0066] Figure 2 shows a flow diagram schematic of another hydroprocessing system
generally designated by the numeral 300. A high-contaminant and/or high-olefinic feedstock
301, which may be formed from those high-contaminant and/or high-olefinic feedstocks
described herein, such as a non-petroleum, renewable material, such as pyrolysis oil, that
contains high levels of oxygen (e.g. greater than 10% by weight) is treated in the system 300.
The feedstock 301 is mixed with a liquid diluent 303 to form a liquid feedstock-diluent
mixture 304. Hydrogen gas 305 is mixed with and dissolved in the liquid feedstock-diluent
mixture 304 to form a liquid phase feedstock, diluent, and hydrogen mixture 306. The
feedstock, diluent, and hydrogen mixture 306 is then passed through heat exchanger 308 to
increase the temperature of the feedstock, diluent, and hydrogen mixture 306 and then fed
into reactor 310, containing a plurality of reaction zones, shown here as 310a, 310b, 310c,
and 310d, where the feedstock, diluent, and hydrogen mixture 306 is reacted to form reacted
effluent 316.

[0067] Additional hydrogen gas may be supplied and dissolved in the reacting feedstock,
diluent, and hydrogen mixture 306 in between reaction zones at hydrogen inputs 312b, 312c,
and 312d. The top of each reaction zone 310a, 310b, 310c, and 310d may be vented by vents
314a, 314b, 314c, and 314d to remove excess undissolved hydrogen gas and light ends. In
other embodiments, no such venting may occur. In embodiments where the feed has a high
oxygen content, water is one of the reaction products. Reacted effluent 316, which contains
water, is passed through heat exchanger 318 to lower the temperature of the reacted effluent
316 and to facilitate the separation of light end hydrocarbons, water, other reaction by-
products, and excess hydrogen from the reacted effluent 316 into the gas phase to create
multi-phase reacted effluent 319 comprising a gas phase reacted effluent, a liquid phase
hydrocarbonaceous reacted effluent, and liquid water or aqueous phase.

[0068] The multi-phase reacted effluent 319 is then introduced into separator 320 and
separated into three components: liquid water or aqueous phase 322, gas phase reacted
effluent 323, and hydrocarbonaceous reacted effluent 324. Hydrocarbonaceous reacted
effluent 324 is then split into multiple streams.  Optionally, a first portion of
hydrocarbonaceous reacted effluent 324 may be utilized as a secondary diluent stream 324a,
which can be combined with diluent 303. A second portion of hydrocarbonaceous reacted
effluent 324 can serve as a product stream 324b. A third portion of hydrocarbonaceous
reacted effluent 324 is required for the continuation of the process and becomes reacted

effluent portion 324c.
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[0069] Hydrogen gas 325 is then mixed with and dissolved in reacted effluent portion 324c to
form a liquid phase reacted effluent and hydrogen mixture 326. The reacted effluent and
hydrogen mixture 326 is then passed through heat exchanger 328 to increase the temperature
of the reacted effluent and hydrogen mixture 326 and then fed into reactor 330, containing a
plurality of reaction zones, shown here as 330a, 330b, 330c, and 330d, where the feedstock,
diluent, and hydrogen mixture 326 is reacted to form reacted effluent 336.

[0070] Additional hydrogen gas is supplied and dissolved in the reacting feedstock, diluent,
and hydrogen mixture 326 in between reaction zones at hydrogen inputs 332b, 332c, and
332d. The top of each reaction zone 330a, 330b, 330c, and 330d may be vented by vents
334a, 334b, 334c, and 334d to remove excess undissolved hydrogen gas and light ends. In
other embodiments, no such venting occurs. Reacted effluent 336 is then passed through heat
exchanger 338 to lower the temperature of the reacted effluent 336 and to facilitate the
separation of light end hydrocarbons, any water, other reaction by-products, and excess
hydrogen from the reacted effluent 336 into the gas phase to create multi-phase reacted
effluent 339 comprising a gas phase reacted effluent, a liquid phase hydrocarbonaceous
reacted effluent, and any liquid water or aqueous phase.

[0071] The multi-phase reacted effluent 339 is then introduced into separator 340 and
separated into three components: liquid water or aqueous phase 342, gas phase reacted
effluent 343, and final hydrocarbonaceous product 344. A portion of the hydrocarbonaceous
product 344 is used to form the diluent stream 303 that may be mixed with the initial high-
contaminant and/or high-olefinic feedstock 301 as the start of the process. The amount of
diluent 303 and/or 324a added may be that selected to dissolve a preselected amount of
hydrogen gas in the combined feed-diluent mixture; to maintain the temperature within the
reactor(s) below a preselected temperature; or to adjust the capacity of the liquid phase to
dissolve or carry water; or a combination of these.

[0072] Figure 3 shows another flow diagram schematic for a hydroprocessing system
generally designated by the numeral 500. A high-contaminant and/or high-olefinic feedstock
501, such as those that have been described herein, is mixed with a liquid diluent 503 to form
a liquid feedstock-diluent mixture 504. A controlled amount of hydrogen gas 505 is then
mixed with and dissolved in the liquid feedstock-diluent mixture 304 to form a liquid phase
feedstock, diluent, and hydrogen mixture 508.

[0073] The liquid feedstock, diluent, and hydrogen mixture 508 is then introduced into
reactor 510 and reacted in the reactor’s reaction zone(s) to form a liquid phase reacted

effluent 512. Excess undissolved hydrogen gas and light ends 511 may be vented from the
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top of the reaction zone(s). In other embodiments, no venting of hydrogen gas from the
reactor(s) occurs. Reacted effluent 512 then passes into flash vessel 515 where the reacted
effluent 512 is split into two streams: a gas phase flash vessel effluent 516 and a liquid phase
flash vessel effluent 517. The gas phase flash vessel effluent 516 is passed through a heat
exchanger 518 to reduce the temperature of the gas phase flash vessel effluent 516 and to
facilitate the condensation of a portion of the vapor phase flash vessel effluent 516 from the
gas phase to the liquid phase and forming a multi-phase flash vessel effluent 519. The multi-
phase flash vessel effluent is then introduced into a separator 520 and separated into three
components: liquid water or aqueous phase 521, gas phase effluent 522, and liquid
hydrocarbonaceous effluent 524. The quantity of gas phase effluent 522 exiting the separator
520 is adjusted by valve 523, which may serve to control the pressure in reactor 510 through
pressure controller 514.

[0074] The liquid hydrocarbonaceous effluent 524 is then combined with the liquid phase
flash vessel effluent 517 before being mixed with a controlled amount of hydrogen gas 525 to
form a liquid phase intermediate feed 527. Intermediate feed 527 is then introduced into
reactor 530 and reacted in the reactor’s reaction zone(s) to form a liquid phase reacted
effluent 532. Excess undissolved hydrogen gas and light ends 531may be vented from the top
of the reaction zone(s). In other embodiments, no such venting from the reactor occurs.
Reacted effluent 532 then passes into flash vessel 535 where the reacted effluent 532 is split
into two streams: a gas phase flash vessel effluent 536 and a liquid phase flash vessel effluent
537. The gas phase flash vessel effluent 536 is passed through a heat exchanger to reduce the
temperature of the gas phase flash vessel effluent 536 and to facilitate the condensation of a
portion of the vapor phase flash vessel effluent 536 from the gas phase to the liquid phase and
forming a multi-phase flash vessel effluent 539.

[0075] The multi-phase flash vessel effluent is then introduced into a separator 540 and
separated into three components: liquid water or aqueous phase 541, gas phase effluent 542,
and liquid hydrocarbonaceous effluent 544. The quantity of gas phase effluent 542 exiting
the separator 540 is adjusted by valve 543 which is used to control the quantity of additional
hydrogen gas 525 added to the liquid phase flash vessel effluent 517 and the liquid
hydrocarbonaceous effluent 524 prior to entry into reactor 530.

[0076] The liquid hydrocarbonaceous effluent 544 is then combined with the liquid phase
flash vessel effluent 537 before being mixed with hydrogen gas 545 to form a liquid phase
intermediate feed 547. Intermediate feed 547 is then introduced into reactor 550 and reacted

in the reactor’s reaction zone(s) to form a liquid phase reacted effluent 552. Excess
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undissolved hydrogen gas and light ends 551 may be vented from the top of the reaction
zone(s). In other embodiments, no venting of the reactor occurs. Reacted effluent 552 then
passes into flash vessel 555 where the reacted effluent 552 is split into two streams: a gas
phase flash vessel effluent 556 and a liquid phase flash vessel effluent 557. The gas phase
flash vessel effluent 556 is passed through a heat exchanger to reduce the temperature of the
gas phase flash vessel effluent 556 and to facilitate the condensation of a portion of the vapor
phase flash vessel effluent 556 from the gas phase to the liquid phase and forming a multi-
phase flash vessel effluent 559.

[0077] The multi-phase flash vessel effluent is then introduced into a separator 560 and
separated into three components: liquid water or aqueous phase 561, gas phase effluent 562,
and liquid hydrocarbonaceous effluent 564. The quantity of gas phase effluent 562 exiting the
separator 560 is adjusted by valve 563, which is used to control the quantity of additional
hydrogen gas 545 added to the liquid phase flash vessel effluent 537 and the liquid
hydrocarbonaceous effluent 544 prior to entry into reactor 550. The liquid
hydrocarbonaceous effluent 564 is then combined with the liquid phase flash vessel effluent
557 to form a final product stream 566. A portion of the final product stream 566 may then
be used to form the diluent stream 503 that is mixed with high-contaminant and/or high-
olefinic feedstock 501 at the start of the process. The amount of diluent 503 added may be
that sufficient to dissolve a preselected amount of hydrogen in the combined feed-diluent
mixture; to maintain the temperature within the reactor(s) below a preselected temperature; or
to adjust the capacity of the liquid phase to dissolve or carry water; or a combination of any
of these.

[0078] Figure 4 shows an example of a reactor 600 that may be used in any of the systems
described herein. The reactor 600 includes a reactor vessel 602 that houses the various
internal components of the reactor. The reactor 600 is provided with an inlet 604 at the upper
end that is fluidly coupled to a feed line 606. The feed line 606 combines liquid feed 608,
which may be a high-contaminant and/or high-olefinic non-petroleum liquid feed to be
treated, with diluent or recycle feeds 610 and/or 612. The feed/diluent mixture is passed
through line 614 where hydrogen gas is added to the feed/diluent mixture through line 616.
The amount of hydrogen gas added is controlled by control valve 618 that is coupled to a
hydrogen gas source.

[0079] The feed/diluent/hydrogen mixture is introduced into the reactor inlet 604 from feed
line 606. The feed mixture is in a liquid phase, which may be a continuous liquid phase. The

inlet 604 is fluidly coupled to a distributor 620. The liquid feed/diluent/hydrogen mixture is
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passed through the distributor 620 to catalyst bed 622 of an upper first reaction zone 624
containing a hydroprocessing catalyst. Hydrogen gas, which may be excess hydrogen gas,
may also be passed through the distributor 620, and be present within the reactor vessel 602.
The distributor 620 distributes the liquid feed/diluent/hydrogen over the catalyst bed 622.
The feed mixture from the distributor 620 is passed as a liquid “bubbling feed” that may be in
the form of a liquid stream or streams, which may or may not contain hydrogen gas, that is
distributed over the catalyst bed 622 and should be distinguished from a conventional trickle
bed reactor processes wherein large amounts of hydrogen gas are circulated through the
catalyst bed.

[0080] Reacted liquid 624 is collected in the bottom of the reaction zone 622. The reacted
liquid 624 is passed through outlet collector assembly 626 having an outlet conduit 628 that
is fluidly coupled to a distributor 630 of a lower second reaction zone 632. The effluent from
reaction zone 624 is passed from distributor 630 to second catalyst bed 634, which may
contain the same or a different hydroprocessing catalyst from that of catalyst bed 622.

[0081] The reacted liquid of reaction zone 632 is collected at the bottom of the reactor 600
and is passed to outlet collector 636 to outlet conduit 638 and out of the reactor 600. Thi
effluent is passed from conduit 638 to pump 640. All or a portion of the effluent from pump
640 may be passed through line 642 for further processing or as product. A portion may also
be used as diluent as recycle 610. The diluents 612 may be a separate diluent source or a
recycle from a different part of the system in which the reactor 600 is utilized.

[0082] While the reactor 600 is shown with two reaction zones, it may be also be configured
to have a single reaction zone or three or more as well. Furthermore, the reactor 600 may be
modified so that liquid collected from the upper reaction zone 624 is removed from the
reactor through an outlet (not shown) and introduced into a separator and/or heat exchanger
(not shown) where it may be flashed, cooled, and/or separated into different products (e.g.
gases, hydrocarbons, water, etc.). The liquid product to be treated may then be reintroduced
into the second reaction zone 632 through an inlet (not shown). Where more than two
reaction zones exist in the reactor, such removal and reintroduction may occur with one or
more of each of the reaction zones. Hydrogen and additional diluents may also be added to

the reintroduced liquid between each reaction zone.

[0083] The following examples better serve to illustrate the invention.
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EXAMPLES

EXAMPLE 1

[0084] A pyrolysis oil derived from waste wood was hydrotreated in a system having two
reaction zones, each containing a hydroprocessing catalyst. The pyrolysis oil had a specific
gravity of 1.25, a sulfur content of 0.35% by weight, a nitrogen content of 0.28% by weight
and an oxygen content of 35% by weight. Hydrogen gas was added to each the feeds prior to
introduction into the reaction zones so that sufficient hydrogen necessary for the reaction was
dissolved in the feeds introduced as a liquid phase. The reaction products were removed
from each zone and cooled to 280 °F (137.8 °C) after each reaction zone. Water was
removed from each of the cooled reaction products from each reaction zone. Approximately
40% of the water was removed after the first reaction zone and 60% was removed after the
second reaction zone. All of the liquid reaction product from the first reaction zone with the
water removed was used as the feed for the second reaction zone. Approximately 85% of the
liquid reaction product from the second reaction zone with the water removed was used as a
recycle ahead of the first reaction zone. Approximately 60% of the hydrogen was added to
the first reaction zone and 40% of the hydrogen was added to the second reaction zone. In
both cases the hydrogen addition was at a 10% excess above the solubility limit of the
reaction zone feed mixture. The startup diluent used was a hydrocarbon similar to the water-
free reaction product from the second reaction zone.

[0085] The reaction conditions in each reaction zone were as set forth in Table 1 below:

TABLE 1
Pressure 1850 psig (12.76 MPa)
Reactor Weighted Ave. Bed Temp. (WABT) 650 °F (343.3 °C)
Catalyst Volume LHSV hr': 3

Recycle Ratio (weight basis) — Recycle to Feed | Sto 1
Hydrogen Addition to Feed 4200 SCE/BBI (0.7476 m’/L) feed

[0086] The following products, as set forth in Table 2 below, were obtained from the

treatment:
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TABLE 2
Product Amount

Light Ends (H,S, NH3, light hydrocarbons) 15 wt.% of feed oil

Naptha 35 wt.% of feed oil

Diesel 15 wt.% of feed oil

Heavy Ends 3 wt.% of feed oil

Water 35 wt.% of feed oil

Total 103 wt.% of feed oil

EXAMPLE 2

[0087] A pyrolysis oil derived from waste wood was hydrotreated in a system having a single
reaction zone containing a hydroprocessing catalyst. The pyrolysis oil had a specific gravity
of 1.25, a sulfur content of 0.35% by weight, a nitrogen content of 0.28% by weight and an
oxygen content of 35% by weight. Hydrogen gas was added to the feed prior to introduction
into the reaction zone so that sufficient hydrogen necessary for the reaction was dissolved in
the feed introduced as a liquid phase. The reaction products were removed from the reaction
zone and cooled to 280 °F (137.8 °C). Water at 100% was removed from the cooled reaction
products.  Approximately 95% of the reaction product with the water removed was used as
a recycle ahead of the reaction zone. All of the hydrogen was added to the reaction zone at a
10% excess above the solubility limit of the feed mixture. The startup diluent used was a
hydrocarbon similar to the water-free reaction product.

[0088] The reaction conditions in the reaction zone were as set forth in Table 3 below:

TABLE 3
Pressure 2055 psig (14.17 MPa)
Reactor Weighted Ave. Bed Temp. (WABT) 660 °F (348.9 °C)
Catalyst Volume LHSV hr': 2

Recycle Ratio (weight basis) — Recycle to Feed | 11 to 1
Hydrogen Addition to Feed 4700 SCE/BBI (0.8366 m’/L) feed

[0089] The following products, as set forth in Table 4 below, were obtained from the

treatment:
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TABLE 4
Product Amount

Light Ends (H,S, NH3, light hydrocarbons) 13 wt.% of feed oil

Naptha 37 wt.% of feed oil

Diesel 14 wt.% of feed oil

Heavy Ends 5 wt.% of feed oil

Water 35 wt.% of feed oil

Total 104 wt.% of feed oil

EXAMPLE 3

[0090] A pyrolysis oil derived from waste wood was hydrotreated in a system having two
reaction zones containing a hydroprocessing catalyst. ~ The pyrolysis oil had a specific
gravity of 1.25, a sulfur content of 0.35% by weight, a nitrogen content of 0.28% by weight
and an oxygen content of 35% by weight. Hydrogen gas was added to the feeds prior to
introduction into the reaction zones so that sufficient hydrogen necessary for the reaction was
dissolved in the feeds and introduced as a liquid phase. The reaction products were removed
from each zone and cooled to 280 °F (137.8 °C) after each reaction zone. Water was
removed from each of the cooled reaction products from each reaction zone. Approximately
40% of the water was removed after the first reaction zone and 60% was removed after the
second reaction zone. All of the liquid reaction product from the first reaction zone with the
water removed was used as the feed for the second reaction zone. Approximately 85% of the
liquid reaction product from the second reaction zone with the water removed was used as a
recycle ahead of the first reaction zone. Approximately 60% of the hydrogen was added to
the first reaction zone and 40% of the hydrogen was added to the second reaction zone. In
both cases the hydrogen addition was at a 10% excess above the solubility limit of the feed
mixture. The startup diluent used was a hydrocarbon similar to the water-free reaction
product from the second reaction zone.

[0091] The reaction conditions in each reaction zone were as set forth in Table 5 below:
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TABLE 5
Pressure 1100 psig (7.58 MPa)
Reactor Weighted Ave. Bed Temp. (WABT) 680 °F (360.0 °C)
Catalyst Volume LHSV hr': 1.5

Recycle Ratio (weight basis) — Recycle to Feed | 10 to 1
Hydrogen Addition to Feed 3900 SCF/BBI (0.6942 m’/L) feed

[0092] The following products, as set forth in Table 6 below, were obtained from the

treatment:
TABLE 6

Product Amount
Light Ends (H>S, NH3, light hydrocarbons) 14 wt.% of feed oil
Naptha 30 wt.% of feed oil
Diesel 16 wt.% of feed oil
Heavy Ends 8 wt.% of feed oil
Water 35 wt.% of feed oil
Total 103 wt.% of feed oil

[0093] While the invention has been shown in only some of its forms, it should be apparent
to those skilled in the art that it is not so limited, but is susceptible to various changes and
modifications without departing from the scope of the invention. Accordingly, it is
appropriate that the appended claims be construed broadly and in a manner consistent with

the scope of the invention.
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CLAIMS

1. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed containing from about 10% or more oxygen by
weight to be treated along with a diluent and hydrogen into a first reaction zone containing a
hydroprocessing catalyst, the amount of diluent combined with the non-petroleum feed being
selected to at least one of (A) dissolve a preselected amount of hydrogen in the combined
non-petroleum/diluent feed; (B) maintain the temperature within the reactor below a
preselected temperature; and (C) adjust the capacity of the liquid phase to dissolve or carry
water hydrogen;

(b) allowing the feed and hydrogen to react in a liquid phase within the first reaction
zone to produce reaction products, at least one of the reaction products being water;

(c) removing the reaction products from the first reaction zone;

(d) separating water from the removed reaction products as an aqueous phase to
provide a separated reaction product that is free from the separated water; and

(e) introducing at least a portion of the separated reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst; and

(f) allowing the separated reaction product feed and hydrogen to react in a liquid

phase within the second reaction zone to produce a second-reaction-zone reaction product.

2. The method of claim 1, wherein:

the diluent is provided by at least one of (1) a further portion of the separated reaction

product of step (d) and (2) at least a portion of the second-reaction-zone reaction product of

step (f).

3. The method of claim 1, wherein:

the separated reaction product is substantially water-free.
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4, The method of claim1, wherein:

water makes up at least 10% by weight of the total reaction products.

5. The method of claim 1, wherein:

water makes up at least 20% by weight of the total reaction products.

6. The method of claim 1, wherein:

water makes up at least 30% by weight of the total reaction products.

7. The method of claim 1, wherein:

the non-petroleum feed is comprised of pyrolysis oils.

8. The method of claim 7, wherein:

the pyrolysis oils are derived from at least one of cellulosic biomass materials and

coal.
9. The method of claim 1, wherein:

the non-petroleum feed to be treated is comprised of at least 20% by weight oxygen.
10. The method of claim 1, wherein:

the non-petroleum feed is introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first

reaction zone.
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11. The method of claim 1, wherein:

the removed reaction products of step (c) are cooled prior to separating water

according to (d).

12. The method of claim 1, wherein:

the first and second reaction zones are reactors and wherein each reactor contains

greater than 10% hydrogen gas by total volume of the reactor.

13. The method of claim 1, wherein:

no excess hydrogen gas is vented from the first and second reaction zones to facilitate

controlling quantities of liquids within the reaction zones.
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14. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed containing from about 10% or more oxygen by
weight to be treated along with a diluent and hydrogen into a first reaction zone containing a
hydroprocessing catalyst, the amount of diluent combined with the non-petroleum feed being
selected to at least one of (A) dissolve a preselected amount of hydrogen in the combined
non-petroleum/diluent feed; (B) maintain the temperature within the reactor below a
preselected temperature; and (C) adjust the capacity of the liquid phase to dissolve or carry
water;

(b) allowing the feed and hydrogen to react in a liquid phase within the first reaction
zone to produce reaction products, at least one of the reaction products being water;

(c) removing the reaction products from the first reaction zone;

(d) cooling the removed reaction products;

(e) separating water from the removed reaction products to provide a separated
reaction product that is free from the separated water;

(f) introducing at least a portion of the separated reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst;

(g) allowing the separated reaction products and hydrogen to react in a liquid phase
within the second reaction zone to produce reaction products;

(h) removing the reaction products produced in (g) from the second reaction zone;

(1) cooling the removed reaction products from (h); and

(j) separating any gas phase and any liquid water phase from the cooled reaction
products from (i) to form a separated reaction product that is free from any separated liquid

water to provided a separated liquid reaction product.

15. The method of claim 14, wherein:

the diluent is provided by at least one of (1) a further portion of the separated reaction

product of step (e) and (2) at least a portion of the separated liquid reaction product of step

-
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16. The method of claim 14, wherein:

the separated reaction products of steps (e) and (j) are substantially water-free.

17. The method of claim 14, wherein:

water makes up at least 10% by weight of the total reaction products.

18. The method of claim 14, wherein:

water makes up at least 20% by weight of the total reaction products.

19. The method of claim 14, wherein:

water makes up at least 30% by weight of the total reaction products.

20. The method of claim 14, wherein:

the non-petroleum feed is comprised of pyrolysis oils.

21. The method of claim 20, wherein:

the pyrolysis oils are derived from at least one of cellulosic biomass materials and

coal.

22. The method of claim 14, wherein:

the non-petroleum feed to be treated is comprised of at least 20% by weight oxygen.

33



WO 2012/100068 PCT/US2012/021890

23. The method of claim 14, wherein:

the non-petroleum feed is introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first

reaction zone.

24, The method of claim 14, wherein:

the first and second reaction zones are each reactors and wherein each reactor

contains greater than 10% hydrogen gas by total volume of the reactor.

25. The method of claim 14, wherein:

no excess hydrogen gas is vented from the first and second reaction zones to facilitate

controlling quantities of liquids in the reaction zones.

26. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed to be treated containing from about 10% or more
by total weight of feed of at least one of olefinic compounds and heteroatom contaminants
along with a diluent and hydrogen into a first reaction zone containing a hydroprocessing
catalyst, the amount of diluent combined with the non-petroleum feed being selected to at
least one of (A) dissolve a preselected amount of hydrogen in the combined non-
petroleum/diluent feed; (B) maintain the temperature within the reactor below a preselected
temperature; and (C) adjust the capacity of the liquid phase to dissolve or carry water;

(b) allowing the feed and hydrogen to react in a liquid phase within the first reaction
zone to produce reaction products;

(c) removing the reaction products from the first reaction zone;

(d) cooling the removed reaction product;

(e) introducing at least a portion of the cooled reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst; and

(f) allowing the cooled reaction product and hydrogen to react in a liquid phase within

the second reaction zone to produce a second-reaction-zone reaction product.
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27. The method of claim 26, wherein:

the diluent is provided by at least one of (1) a further portion of the cooled reaction

product of step (d) and (2) at least a portion of the second-reaction-zone reaction product of

step (f).

28. The method of claim 26, further comprising:

separating any water from the cooled reaction products of steps (d) and (f) as an

aqueous phase to provide separated reaction products that are free from the separated water;

and wherein

the diluent is provided by at least a portion of one of the separated reaction products

from steps (d) and (f).

29. The method of claim 28, wherein:

the separated reaction products are substantially water-free.

30. The method of claim 28, wherein:

water makes up at least 10% by weight of the total reaction products.

31. The method of claim 28, wherein:

water makes up at least 20% by weight of the total reaction products.

32. The method of claim 28, wherein:

water makes up at least 30% by weight of the total reaction products.

33. The method of claim 26, wherein:

the non-petroleum feed is comprised of pyrolysis oils.
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34, The method of claim 33, wherein:

the pyrolysis oils are derived from at least one of cellulosic biomass materials and

coal.

35. The method of claim 26, wherein:

the non-petroleum feed to be treated is comprised of at least 20% by weight oxygen.

36. The method of claim 26, wherein:

the non-petroleum feed is introduced in the first reaction zone under conditions so that
substantially all the feed and hydrogen are in a continuous liquid phase within the first
reaction zone.

37. The method of claim 26, wherein:

the first and second reaction zones are each a reactor and wherein each reactor

contains greater than 10% hydrogen gas by total volume of the reactor.

38. The method of claim 26, wherein:

no excess hydrogen gas is vented from the first and second reaction zones to facilitate

controlling quantities of liquids in the reaction zone.
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39. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed to be treated containing from about 10% or more
by total weight of feed of at least one of olefinic compounds and heteroatom contaminants
along with hydrogen into a first reaction zone containing a hydroprocessing catalyst;

(b) allowing the feed and hydrogen to react in a liquid phase within the first reaction
zone to produce reaction products;

(c) removing the reaction products from the first reaction zone;

(d) cooling the removed reaction products;

(e) introducing at least a portion of the cooled reaction products as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst;

(f) allowing the introduced reaction products and hydrogen to react in a liquid phase
within the second reaction zone to produce reaction products;

(g) removing the reaction products produced in (f) from the second reaction zone;

(h) cooling the removed reaction products from (g);

(i) combining at least one of (1) a further portion of the cooled reaction product of
step (d) and (2) at least a portion of the cooled reaction products of step (h) with at least one
of the feeds of step (a) and step (e); and

(j) repeating steps (e) through (h) and optionally (i) for any additional reaction zones,

as necessary, to provide a final reaction product.
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40. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed containing from about 10% or more oxygen by
weight to be treated along with hydrogen into a first reaction zone containing a
hydroprocessing catalyst;

(b) allowing the feed and hydrogen to react in a liquid phase within the first reaction
zone to produce reaction products, at least one of the reaction products being water;

(c) removing the reaction products from the first reaction zone;

(d) separating water from the removed reaction products as an aqueous phase to
provide a separated reaction product that is free from the separated water; and

(e) introducing at least a portion of the separated reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst; and

(f) allowing the separated reaction product feed and hydrogen to react in a liquid
phase within the second reaction zone to produce second-reaction-zone reaction products;
and

(g) combining at least one of (1) a further portion of the separated reaction product of
step (d) and (2) at least a portion of the second-reaction zone reaction products of step (f)
with at least one of the feeds of step (a) and step (e); and

(h) repeating steps (e) through (f) and optionally (g) for any additional reaction zones,

as necessary, to provide a final reaction product.
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41. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed containing from about 10% or more oxygen by
weight to be treated along with hydrogen into a first reaction zone containing a
hydroprocessing catalyst;

(b) allowing the feed and hydrogen to react in a liquid phase within the reaction zone
to produce reaction products, at least one of the reaction products being water;

(c) removing the reaction products from the first reaction zone;

(d) cooling the removed reaction products;

(e) separating water from the removed reaction products to provide a separated
reaction product that is free from the separated water;

(f) introducing at least a portion of the separated reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst;

(g) allowing the separated reaction products and hydrogen to react in a liquid phase
within the second reaction zone to produce reaction products;

(h) removing the reaction products produced in (g) from the second reaction zone;

(1) cooling the removed reaction products from (h);

(j) separating any gas phase and any liquid water phase from the cooled reaction
products from (i) to form a separated reaction product that is free from any separated liquid
water to provided a separated liquid reaction product;

(k) combining at least one of (1) a further portion of the separated reaction product of
step (e) and (2) at least a portion of the separated liquid reaction product of step (j) with at
least one of the feeds of step (a) and step (f); and

(I) repeating steps (f) through (j) and optionally (k) for any additional reaction zones,

as necessary, to provide a final separated reaction product.
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42. A method of hydroprocessing comprising:

(a) introducing a non-petroleum feed containing from 10% or more oxygen by weight
to be treated along with hydrogen into a reaction zone containing a hydroprocessing catalyst;

(b) allowing the feed and hydrogen to react in a liquid phase within the reaction zone
to produce reaction products, at least one of the reaction products being water;

(c) removing the reaction products from the reaction zone;

(d) cooling the removed reaction products;

(e) separating water from the removed reaction products to provide a separated
reaction product that is free from the separated water;

(f) introducing at least a portion of the separated reaction product as a feed along with
hydrogen into a second reaction zone containing a hydroprocessing catalyst;

(g) allowing the separated reaction products and hydrogen to react in a liquid phase
within the second reaction zone to produce reaction products;

(h) removing the reaction products produced in (g) from the second reaction zone;

(1) cooling the removed reaction products from (h);

(j) separating any gas phase and any liquid water phase from the cooled reaction
products from (i) to form a separated reaction product that is free from any separated liquid
water to provided a separated liquid reaction product;

(k) combining at least one of (1) a further portion of the separated reaction product of
step (e) and (2) at least a portion of the separated liquid reaction product of step (j) with at
least one of the feeds of step (a) and step (f); and

(I) repeating steps (f) through (j) and optionally (k) for any additional reaction zones,

as necessary, to provide a final separated reaction product.
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