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HYDROPROCESSING OF BIOCOMPONENT FEEDSTOCKS
WITH FCC OFF-GAS

FIELD OF THE INVENTION

‘ ’[0001] v‘;iems and processes are provided for hydrotreatment of biocomponent

feeds u..ung a low value refinery stream as a hydrogen source.

BACKGROUND OF THE INVENTION

16002} Fuels based on biocomponent sources will likely become increasingly
prevalent in the future. Already, various governments have instituted current and future
requirements that motor fuel pools contain a minimum percentage of fuel derived from
a biocomponerit source, such as a plant, animal, fish, or algae-based oil or fat.

[0003] For production of diesel fuel, vegetable oils such as canola oil, palm oil, or
other similar oils have been identified as potentially suitable based on the carbon chain
length of the vegetable oil. While some progress has been made toward stand alone
processing and/or co-processing of biocomponent feed% improvements to allow
efficient processing in a refinery settmg are greatly desired.

[eo04] . AUS. Patent Application Publication No. 2008/0154073 describes a process

| 1 femoving oxygen from biocomponent molecules at low hydrogen pressure.’ The
'.ﬁaeii in-this reference is expo*ed to & supported hydrogenation catalyst, such as Ni,

' ’\h"l\ o, Pt or Pd in the presence of 150-290 psi hydrogen.
_[ﬁﬁ{):s] U Patent Appucatlon Publication No. 2008/01 61614 describes two

stage co-proceosmg of a feed 1nclud1ng both vegetable/ammal and mineral oil.

Accordmg to this d'sclosure the first stage is operated at lower severlty to prlmarlly

treat the vegetable and/or animal oil in the feed The produot of the first stage is thcn
stnpped to remove gas phase i impur ities. The strlpped product is then hydrotreated in a
more severe hydrotreatment stage to produce a diesel fuel.

[0006} ' International Publication No. WO 2008/040980 descnbes reducmg

hvdrogen consumpuon by controllmg the products from reactions to remove oxygen

fxom Hmco'nponent feeds Lower hvdro gen pressures are mentioned as helpmg to

rr*au»f, hyaroeen mmumpnon but mch pressures are mentioned as also leadmg to

Ccit:ily::t aeac‘nvmwn
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[0007] European Patent No. EP 1719811 descrlbes a method for producmg hquld
hydrocarbons from blomass The method includes formmg an aqueous blurry of the
biomass and pamcles of a layered catalyst such as a clay The slurry is heated toa
temperatu'e of 25 0—400°C Up t0'10 bars of hydrogen may optlonally be added
althwgh the pubhcanon indicates a prefercnce to perform the process without added
hydrogen.

[0008] | Eurcepean Patent No. EP 1741767 describes a process for producing diesel
fusl from biocomponent sources. This reference states that the process reduces the
neeced hydrogen consumption by adding sulfur-containing compound to the

biocomponent feed.

SUMMARY OF THE INVENTION.

[6009] One aspect of the invention relates to a method for hydroprocessing a

biocomponent feedstock, which comprises: treating an off-gas stream from a fluid
catalytic cracking reactor to remove hydrogen sulfide and carbon dioxide, the treated
off-gas stream having a hydrogen content of not more than 25%; and hydroprocessing a
feedstock ‘comprising a biocomponent portion in a reactor in the presence of the treated
off-gas stream, a catalyst with hydrogenation activity, and steam under effective
hydroprocessing conditions to produce a vapor effluent, an aqueous effluent, and a
diesel botiling range product.

[60%0]  Another aspect of the invention relates to a system for hydroprocessing a
biecomponert feed, which comprises: a hydroprocessing reactor, including an input
conduit forintroducing a biocomp‘onem.feedstock and a liquid effluent conduit; at least
one catalyst in the hydroprocessing reactor having hydrogenation activity; a fluid
catal‘yric cmoking reactor, including at Fast one output conduit for removing an off-

. gas an interv enmg conduit to prowde ﬂuld communication between the output conduit
of the fluid oatalytlc crackmg reactor and the mput conduit of the hydroprocessing
reactor; a scrubber for removing hydrogen sulfide and carbon dioxide from a flow in
the mtervenmg condmt and a separator for separating an aqueous efﬂuent from a diesel

'bmhng range product in the hqu1d effluent conduit of the hydroproceesmg reactor
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BRIEF DESCRIPTION OF THE FIGURES

[0011] - -Fig. ! schematically shows a reaction system for performing a process
aécbrding to an cmbodimenﬁ of the invention.
[0012] Fig. 2 schematically shows a reaction system for performing a process
according to an embodiment of the invention.
{0013] F’ig 3 schematically shows a reaction system for performing a process

af‘cord‘nﬂ to an embodiment of the invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0614]  In many refineries, availability of hydrogen is a limiting factor in how
‘h'y'dr‘é‘carbérvis' arc processed. A refirery typically generates some hydrogen during -
processing of a crude feed, such as dur'ing reforming of gasoline\.' This hydrogen can
‘then be used to meet the hydrogen needs in the refinery, such as for hydroprocessing.
Providing hydrogen from-a separate, outsid‘e. source in a refinery will often raise costs
to aipo'int that is not economical. Thus, when a new process is added in a refinery that
requires hydrogen, the addition can often require a reduction in volume in another
process,

[G015] "Processing of biocomponent feedstocks to make a diesel fuel product
presents such a hydrogen consumption problem in a refinery. Biocomponent feeds
‘typically consume much higher amounts of hydrogen than a mineral feed having a
‘similar boiling range. For example, removal of oxygen and saturation of aromatic
bmm° ina Lmvompcnent feed could ruquu‘e up to about 57 times as much hydrogen as
_ v ou d be necded to hydrotreat a C(Wpara hle mmeral feed for sulfur and nitrogen
renleval In quch situations, ea»h barrel of blocomponent feed pr oceqqed bya reﬁnery
N r‘wlf requize a 1c‘ducuon of as mw‘a as about 5~7 barrcls in the amount of mineral
: _fcnevel t’ﬂt is pro:essed o _

| [{}016] | One optmn for overcommg the hydrogen consumptlon problem isto

) 1dent;fy another reﬁnery stream th_at can serve as a hydrogen source for treatment of a
biogomponent feed. This optidn can minimize or avoid the need to reduce production
of another product in order to'tfeat the biocomponent feed,
[.6017] In various embodiments, the invention allows a biocomponent feed to be

hydfotreated with an alternative hydrogen source in order to remove fhc majority (i.e.,
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more than 50% by weight) of the oxygen in the feed, and possibly substantially all
(e.g., at least 95% by weight, preferably at least 98% by weight, for example at least
99% by welght at least 99.5% by weight, at least 99.9% by weight, at least 99.95% by
.wexght at least 99.97% by weight, at least 99,98% by weight, at least 99.99% by
wexglu, at least _9,9‘.599._3.% by weight, or completely all) of the oxygen in the feed.
Prefefably;_ the biocomponent feed can be hydroprocessed using a fluid catalytic
cracking (FCC) off-gas feed as the hydrogen source, Thus, the hydrogen feed for the
reaction can be a gas stream that would normally be divérted in a refinery to a lower
value use, such as service as a fuel gas. By making use of a relatively low value feed
such as an FCC off-gas feed, the hydrogen needed for removing oxygen from a
biccomponent feed need not be at the expense of performing another existing refinery
process. The costs for this process can be further reduced by using a relatively low cost
water gas shift catalyst, such as Fe3Oq, as the hydrotreatment catalyst. After
processing, the resulting biocomponent product may be suitable for use in the diesel
fuel pool. Altemately, the biocomponent product can be mixed with a conventional
diesel feed, e.g., which can include a second hydfotreatment step. However, because
the majoﬁty of the oxygen should be removed in a dedicated process, the co-processing
of the blocomponent product with a mineral feed should typlcally have a reduced or
mmmnzed amount of catalyst suppression/deactivation problems.
l0018] _ In some embodiments, one of the benefits of the invention is the ability to
sca relatl vely low value refi inery source (effluent stream) to treat a new type of
reﬁnety feed The oxygen content ina blocornponent feed can create a variety of
problem'¢ ina xeﬁnery The oxygen content can be as high as about 12% by weight,
rneamng that a large arnount of hydrogen may be needed to remove the oxygen by a
. hydregenauon lype reaction. B.tocomponent feeds can also have a tendency to suppress
}iydrodesulihﬁiation (HDS) activity, méking co-processing of d biocomponent feed
challenging. However, the o#ygeniremoval reactionvcan occur under relatively mild
conditions and typically will not ‘requirc relatively harsh conditions, Thus, a relatively
Iew activity hydrovgsenation catalyst can be not»only_'sufﬁeient but also desirable to
catalyze the hydrodeoxygenation (HDO) reaction. Sim-ilarly, low hydrogen partial |
pressﬁres can often be sufficient to perferm HDO. By using a.rela.tively low cost

catalyst and a relatively low value refinery stream for an initial processing step, the
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invention allows for production of a biocomponent based diesel product at reduced
expense and with little or no significant impact on other refinery resources. In _
particular, significant amounts of hydrogen may not need to be diverted from another
refinery operation for use in deoxygenating a biocomponent feed.

[0019] - In various embodiments, a system and method are provided for
hydroprocessing a biocomponent feed; The system and method can include providing a
hydrotreatment reactor for processing of a biocomponent feed. The catalyst for the
hydrotreatment reactor can be a relatively low cost water gas shift catalyst that also has
sufficient hydrogenation activity. The hydrogen source for the hydrotreatment reaction
can advantageously include and/or be the off-gas from an FCC reactor, Steam can also
be introduced into the reactor to further facilitate hydrogen production via a water gas
shift reaction. The hydrotreatment process can result in an effluent including a vapor
product, a diesel boiling range product, and an aqueous product. Opti‘onally, the diesel
boiling range product can be co-processed with a mineral feed in a second
hydrotreatment reactor. Optionally, the diesel boiling range product can be isomerized
to improve the cold-flow properties.

[0020] In still other embodiments, the hydrogen in the FCC off-gas hydrogen
stream can be supplemented with hydrogen from the main refinery hydrogen supply. In
such embodiments, at least a portion of the hydrogen can be provided from the FCC
off-gas stream, thus reducing the amount of hydrogen needed from the primary supply.

Feedstocks
[0021] As used herein, a “biocomponent feedstock” refers to a hydrocarbon

feedstock (typically also containing some oxygen atoms) derived from a biological raw
material component, such as vegetable fats/oils and/or animal fats/oils (including algae
and fish fats/oils, respectively).. Note that for the purpeses of this document, vegetable
fats/oils refer generally to any plant based material, and include fat/oils derived from a
source such as plants from the genus Jatropha. The vegetable oils, animal fats, and
algae fats/oils that can be used in the present invention can advantageously include any
of those which comprise triglycerides and/or free fatty acids (FFA). The triglycerides
and FF As typically contain aliphatic hydrocarbon chains in their structure having from
8 to 36 carbons, preferably from 10 to 26 carbons, for example from 14 to 22 carbons.

Other types of feed that are derived from biological raw material components include
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fatty acid esters, such as fatty acid alky! esters (e.g., FAME and/or FAEE). Examples
of biocomponent feedstocks inclu-de but are not limited to rapeseed (canola) oil, peanut
oil, Sunﬂower oil, tall 0il, corn oil, soy oils, castor oil, jatropha oil, jojoba oil, olive oil,
flaxseed oil, palm oil, and the like, and combinations thereof.

[0022} Biocomponent based diesel boiling range feedstreams can typically have
low nitrogen and sulfur content. For example, a biocomponent based feedstream can
contain up to about 300 parts per million by weight (wppm) nitrogen (in the form of
nitrogen-containing compounds). Instead of nitrogen and/or sulfur, the primary
heteroatom component in biocomponent based feeds is oxygen (in the form of oxygen-
containing compounds). Suitable biocomponent diesel boiling range feedstreams can
include up to about 10-12 wt% oxygen. In preferred embodiments, the sulfur content
of the biocomponent feedstream can advantageously be about 15 wppm or less,
preferably about 10 wppm or less, although, in some embodiments, the biocomponent
feedstream can be substantially free of sulfur (e.g., can contain no more than 50 wppm,
preferably no more than 20 wppm, for example no more than 15 wppm, no more than
10 wppm, no more than 5 wppm, no more than 3 wppm, no more than 2 wppm, no
more than 1 wppm, no more than 500 wppb, no more than 200 wppb, no more than 100
wppb, no more than 50 wppb, or completely no measurable sulfur).

[00.23] In some embodiments, the diesel boiling range product from
hydrotreatment bf the biocomponent feedstock can be mixed with a mineral feed and
the combination sent for further processing. The mineral feedstream can have a boiling
rang‘e. from about 150°C to about 400°C, preferably from about 175°C to about 350°C.
I\/Iineral feedstreams for blending with a biocomponent feedstream can have a nitrogen
- conient from abmit 50 to about 6000 Fprm nitrogen, for example from about 50 to
about 2000 wppm, such as from about 75 to about 1000 wppm nitrogen. In an
embodiment, feedstreams suitable for use herein can have a sulfur content from about
100 to about 40000 wppm sulfur, for example from about 200 to about 30000 wppm,
such as from about 350 to about 25000 wppm. In some embodiments, the mineral
stream for blending with the biocomponent stream can be a diesel boiling range stream.
In other embodiments, the mineral stream can be a higher boiling range stream, such as
an atmospheric or vacuum gas oil. In still other embodiments, the mineral stream can

be a lower boiling range stream, such as a heavy naphtha, a virgin naphtha stream, or



WO 2011/008920 PCT/US2010/042076

-7-

an other virgin distillate. Other examples of suitable mineral streams can include resid,
cycle oils (e.g., light cycle oil), and coker derived oils, as well as combinations of any
of these and/or any of the other aforementioned streams. |
[0024] In alternative embodiments, a mineral diesel boiling range feed can be
mixed with the biocomponent feed, e.g., prior to treatment with the FCC off-gas and
wéfcer gas shift catalyst. In such embodiments, the water gas shift catalyst should
preferably be selected from catalysts that have a highér sulfur resistance. Due to the
increased sulfur content in typical mineral oil feeds, an Fe;0,4 catalyst can rapidly be
converted to some type of iron sulfide. Iron sulfides tend to have low activity for
promoting hydrogenation type reactions. In such embodiments, the mineral feed can

preferably be a lighter distillate feed, such as a kerosene, jet, or light gas oil feed.

Gas Feeds

[0025] In various embodiments, a hydrogen source for hydroprocessing of the
biocomponent feedstock can be the off-gas from a fluid catalytic cracking (FCC)
reactor. During a fluid catalytic cracking process, heavier hydrocarbon molecules are
“cracked” to form lighter molecules. The process typically also generates light side
products such as hydrogen, carbon oxides, light ends, and water. The light ends
represent a mix of low weight hydrocarbon compounds, such as methane and ethane.
Hydrogen sulfide can also be produced, if the feed to the FCC unit includes sulfur
compounds, which is a typical situation. As the desired products from an FCC unit are
separated or distilled out, these light gas products can be separated into an “off-gas”.
Because of the variety of compounds in the off-gas, and because of its relatively low
hydrogen concentration, the off-gas from an FCC reactor is conventionally viewed as a
relatively low value stream. With regard to hydrotreatment reactions, FCC off-gas is
conventionally viewed as having several problems. FCC off-gas is typically a
relatively low pressure stream with a relatively low H concentration (e.g., having a
total stream pressure of about 50 psig (345 kPag), possibly up to about 100 psig (690
kPag)v, and a Hj concentration of less than about 20%). Substantial pressure uplift
would be needed to achieve hydrogen partial pressures typically indicative of
hydrotreatment. Additionally, as CO is a known suppressing agent for hydrotreatment

reactions, increased CO content of an FCC off-gas can tend to reduce the overall
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hydrotreatment activity. Typically, the off-gas from an FCC unit is used as fuel for
generating heat in the refinery, based on the H; and light ends contents of the off-gas.
[0026] However, instead of using the FCC off-gas as a fuel source, various
embodiments of the invention can allow the FCC off-gas to serve as a hydrogen source
for hydroprocessing of a biocomponent feed. Both olefin saturation (C” sat) and HDO
can occﬁr at relatively mild conditions, with olefin saturation being the more facile
reaction. Thus, the relatively low Hj content of the FCC off-gas may be sufficient for
the reaction. Additionally, even though CO may suppress the activity of the catalyst,
the activity can preferably remain high enough to sufficiently deoxygenate the
biocomponent feed (e.g., to remove the majority of the oxygen in the feed, and possibly
to remove substantially all of the oxygen in the feed).

[0027] The FCC off-gas can be the off-gas from a conventional FCC unit. A
typical FCC off-gas stream can include, inter alia, light ends, H,, CO, CO,, and H;S.
Other components may also be possible, depending on the FCC reactor feed chemistry
and/or conditions. Such an off-gas can be used directly as a hydrogen source for HDO
of a biocomponent feed according to the invention, However, in preferred
embodiments, the off-gas stream can be scrubbed prior to use. Scrubbing of the FCC
off-gas stream can reduce (preferably significantly) the concentration of H,S and/or
COQ; in the off-gas stream. An example of a suitable scrubber is an amine tower, which
can use, e.g., diethylamine (DEA) or methylamine to capture HzS and CO,. Note that
CO is typically not removed in substantial amounts by this type of scrubber. After
scrubbing, the off-gas can typically have an H, content of about 15 wt% to about 20
wi% and a CO content of about 2 wi% to about 5 wi%, with most or all of the
remainder of the gas typically being light ends. The H, content of the off-gas could
vary over a wider range, such as from about 10 wt% to about 25 wi%, depending on the
nature of the FCC reaction and/or of the FCC feeds/products.

[0028] Significant removal of H>S can be beneficial for maintaining the reactivity
of the catélyst. Preferred water gas shift catalysts according to the invention include
predominantly transition metal oxides, such as iron, chromium, copper, zinc, and
'combinations thereof. In the presence of H,S, at least a portion of the catalyst may
convert to sulfide(s), which tend to be less desirable catalysts for the various

embodiments of the invention, In some embodiments, scrubbing the FCC off-gas can
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result in a significant reduction in off-gas sulfur content, e.g., corresponding to a
concentration of sulfur compounds of 15 vppm or less, for example 10 vppm or less, In
certain embodiments, the scrubbed FCC off-gas can preferably have an H,S
concentration of less than 50 vppm.

[0029] Removal of CO; can be beneficial for increasing the amount of hydrogen
produced in situ in the reaction, The water gas shift reaction approximates an
equilibrilim process, where HyO and CO can be reversibly reacted to form Hj and COs»,
ie,H,0+CO S H; +CO;

[0030] Because this resembles an equilibrium process, an increase in one of the
participating species in the reaction can tend to drive the reaction to reduce that
concentration. Thus, providing an excess of CO; can tend to drive this reaction to form
more HyO and CO. Since H, is a desired product from this reaction, reducing the CO,
level should enhance the amount of H, produced via the water gas shift reaction.
[0031] The production of H; can be further enhanced by introducing steam into
the reactor during a hydroprocessing step. Steam provides additional water as a
reactant, which can help drive the formation of additional H,. In some embodiments
where steam is added, it may be possible to reduce the amount of steam addition once
the hydrotreatment process is started, as deoxygenation of the biocomponent feed can

often lead to some water production.

Catalyst
[0032] In various embodiments, hydroprocessing can be performed in the

presence of a relatively low cost catalyst, such as a water gas shift catalyst. Water gas
shift activity is typically beneficial for producing additional hydrogen (and COy) from
H;O (and CO) in the off-gas and/or in the reactor.

[0033] A preferred catalyst includes an oxide of iron, such as Fe;O4. Iron oxides
with water gas shift activity may be advantageous. Other water gas shift catalysts that
also have hydrogenation activity can include supported catalysts such as ZnO and/or
CuQ, e.g., supported on alumina, iron oxide catalysts promoted with CrO,, or the like,
or combinations thereof, Water gas shift catalysts can advantageously be exposed to a
reducing environment prior to use. Because biocomponent feeds typically have low
sulfur contents, the catalysts should be able to maintain activity (e.g., HDO activity) for

a reasonable amount of processing time (e.g., from about 6 months to about 10 years,



WO 2011/008920 PCT/US2010/042076

-10-

preferably from about 1 year to about 5 years, for instance from about 18 months to
about 4 years).

[0034] More generally, suitable catalysts can include those comprising one or
more Group VIII metals and one or more Group VIB metals, for example comprising
Ni and/or Co and W and/or Mo, preferably comprising a combination of Ni and Mo, or
Co and Mo, or a ternary combination such as Ni, Co, and Mo or such as Ni, Mo, and
W. The or each hydrotreatment catalyst is typically supported on an oxide such as
alumina, silica, zirconia, titania, or a combination thereof, or another known support
material such as carbon. Such catalysts are well known for use in hydrotreatment and
hydrocracking. |

[0035] A NiMo catalyst is preferably used to initiate olefin saturation at a lower
inlet temperature. Most units are constrained by a maximum operating temperature,
and large amounts of heat are released from treatment of biofeeds. Initiating olefin
saturation at lower temperature with NiMo allows for longer cycle lengths (as the
maximum temperature will be reached later) and/or permits processing of more
biofeeds.

'[0036] A CoMo catalyst is preferably used for lower hydrogen partial pressure
desulfurization and to slow down the kinetics of biofeed treatment. Spreading the
exotherm out throughout the process by having such a lower activity catalyst will
reduce the number of hotspots (which decrease in efficiency of the unit, and potentially
give rise to structural issues if near reactor walls). At high hydrogen partial pressures,
the use of CoMo may also reduce the amount of methanation (e.g., CO+3H; - CHy +
H>0 and/or CO,+4H, = CH, + 2H,0) that occurs, which helps to reduce hydrogen
consumption,

[0037]  One option could be to use a spent NiMo and/or CoMo catalyst. Such
catalyst(s) tends to have a reduced activity for conventional hydrotreatment processes
(such as HDS and/or HDN), but may still have sufficient activity for olefin saturation
and/or HDO. Hydrotreating catalysts such as NiMo and/or CoMo can be prefetred in
certain situations, e.g., where the biocomponent feed may be blended with a sulfur-
containing mineral feed prior to exposure to the FCC off-gas hydrotreatment reactor,
[0038] As used herein, the terms “CoMo” and “NiMo” refer to comprising oxides

of molybdenum and either cobalt or nickel, respectiveiy, as catalytic metals. Such



WO 2011/008920 _ PCT/US2010/042076

-11-

catalysts may also optionally include supports and minor amounts of other materials
such as promoters. By way of illustration, suitable hydrotreating catalysts are
described, for example, in one or more of U.S. Patent Nos. 6,156,695, 6,162,350,
6,299,760, 6,582,590, 6,712,955, 6,783,663, 6,863,803, 6,929,738, 7,229,548,
7,288,182, 7,410,924, and 7,544,632, U.S. Patent Application Publication Nos.
2005/0277545, 2006/0060502, 2007/0084754, and 2008/0132407, and International
Publication Nos. WO 04/007646, WO 2007/084437, WO 2007/084438,

WO 2007/084439, and WO 2007/084471, inter alia.

Reaction conditions

[0039] The biocomponent feedstock, optionally but preferably steam, and FCC
off-gas can be introduced into a reactor containing a catalyst having water gas shift
activity and/or another type of hydrogenation catalyst. The biocomponent feed can
advantageously be exposed to the catalyst under conditions effective for removing
oxygen from the feed. In some embodiments, the conditions can be effective for
removing substantially all of the oxygen. In alternative embodiments, the conditions
can be effective for removing at least 50 wt% of the oxygen, for example at least 80
wt%, at least 85 wt%, or at least 90 wt%. In such alternative embodiments, the
conditions can typically be effective for removing 99 wt% or less of the oxygen, for
example 98 wit% or less or 95 wi% or less. In such alternative embodiments, the
processed biocomponent feed can be mixed with a mineral diesel boiling range feed
and may be co-processed in a hydrotreatment reactor to further remove oxygen from
the biocomponent feed.

[0040] In situations where the biocomponent feed is exposed to the catalyst,
(optional but preferable) steam, and FCC off-gas, the conditions can be effective for
saturating olefins and/or removing oxygen from the feed. The conditions can include
an LHSYV of about 0.5 Ahr" to about 1.5 hr”! and a temperature of about 550°F to about
700°F (about 288°C to about 371°C), preferably about 600°F to about 650°F (about
315°C to about 343°C). Note that the temperature range represents a balancing of
hydrovgenation activity for oxygen removal and water gas shift activity. Conversion of
CO and H,0 into CO, and H, is an exothermic process. Because the water gas shift
reaction also resembles an equilibrium process, increases in temperature can tend to

drive the reaction toward CO and H,0 formation,
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[0041] Due to the nature of the FCC off-gas as a hydrogen source, there can be
several alternatives for treat gas rate and reaction pressure. A typical FCC off-gas can
generally have a pressure of about 50 psig to about 100 psig (about 345 kPag to about
690 kPag). In some embodiments, a pump can be used to increase the pressure of the
FCC off-gas feed to a higher value, such as about 300 psig to about 400 psig (about 2.1
MPag to about 2.8 MPag). Since the FCC off-gas can generally comprise about 15% to
about 20% hydrogen by volume, its hydrogen partial pressure can roughly be about 50
psig to about 80 psig (about 345 kPag to about 552 kPag). In other embodiments, the
FCC off-gas can be used at the pressure generated as an output from the FCC reactor.
In still other embodiments, the FCC off-gas can be used at a pressure from about 50
psig to about 400 psig (about 345 kPag to about 2.8 MPag). In any of these
embodiments, the hydrogen in the off-gas can optionally be supplemented with one or
more other hydrogen streams of higher purity, e.g., to increase the partial pressure of
hydrogen in the reactor, and thus to increase the olefin saturation and/or HDO activity.,
[0042] In embodiments involving a co-current reactor, the relatively low
hydrogen partial pressure can be partially accommodated by increasing the amount of
FCC off-gas used relative to the amount of biocomponent feed. As a practical matter, a
typical refinery will generally have an existing FCC reactor that generates an off-gas of
a given flow rate, Depending on the size of the FCC unit, the FCC off-gas flow rate
could be from about 500,000 scf/day to about 50,000,000 scf/day (about 14,000
Nm®/day to about 1.4 Nkm®/day). The amount of biocomponent feed processed using
the FCC off-gas can be adjusted to yield a desired treat gas ratio of FCC off-gas to
biocomponeﬁt feed. For example, an FCC unit generating about 20,000,000 scf/day
(about 0.57 Nkm?/day) of off-gas could be used to treat about 2000 barrels (bbl) per
day of a biocomponent feed, This would roughly correspond to a treat gas ratio of
about 10,000 scf/bbl (about 1700 Nm>/m?) for the total feed, and a hydrogen treat gas
ratio of about 1500 scf/bbl to about 2000 scf/bbl (about 250 Nm?*/m® to about 340
Nm®/m?), based on an off-gas hydrogen content of about 15-20% by volume.

[0043] In some embodiments, some portions of the reaction can be performed in a
counter-current reactor. In such a situation, the direction of flow for the biocomponent
feed during processing would be opposite from the direction of flow for the FCC off-

gas. When present, steam may also typically flow in the opposite direction from the
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biocomponent feed during counter-current operation. In embodiments including a
counter-current reactor, the feed can enter the reactor at the top, while the FCC off-gas
and steam flows can enter at the bottom. As the gas travels up the reactor, it can
typically become depleted of hydrogen, generally leading to lower hydrogen partial
pressures near the top of the reactor. One advantage of this counter-current scheme can
be that the lowest hydrogen partial pressures can encounter the feed when it first enters
the reactor. The lower partial pressure of hydrogen should be sufficient to saturate
olefins within the biocomponent feed, leaving the higher hydrogen pressure at the
bottom of the reactor to effectuate HDO.,

[0044] Another potential advantage of a counter-current design can be the ability
to modify the temperature profile across the reactor, e.g., to enhance hydrogen
production via water gas shift. In the water gas shift reaction, production of hydrogen
(and CO,) from water and CO is exothermic. Thus, decreasing the temperature in the
reaction environment can cause the water gas shift equilibrium to favor more hydrogen
production. In an embodiment, the temperature can be varied within the counter-
current reactor so that lower reaction temperatures are found near the top of the reactor
and so that higher reaction temperatures are found near the bottom,

[0045] The reaction can produce up to three types of effluent streams (or more).
One type of stream can include a vapor effluent stream. The vapor effluent can include
unreacted Ha, any CO and/or CO,, water vapor, light ends, and any other light products,
e.g., that may have been introduced to the reactor with the FCC off-gas stream. The
vapor effluent can be used as a fuel gas, when the light ends content of this stream is
high enough to have fuel value. Another type of effluent stream can include a diesel
boiling range product stream, which can advantageously comprise a majority of the
processed biocomponent feedstock. The third type of stream can include an aqueous
output stream, which can comprise water introduced with the biocomponent feed and/or
from steam used to drive the water gas shift reaction. This aqueous stream can also
include some level of dissolved organics and other particulate and/or dissolved
impurities, which can, in some embodiments, be passed to a waste treatment facility.
[0046] In some embodiments, the diesel boiling range product stream can be
suitable for incorporation into the diesel fuel pool. Alternately, the diesel boiling range

product stream can be subjected to further processing. One type of further processing
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can include removal of at least a portion of any undesirable heteroatoms (e.g., nitrogen
and/or sulfur) remaining in the diesel boiling range product. In the case of sulfur, this
can be done using a caustic solution or other wash to remove hydrogen sulfides, or
through a sulfur adsorption step, such as by exposing the liquid stream to metallic Ni,
Zn0, or another adsorber of sulfur species, in order to remove mercaptans and/or
carbonyl sulfides. Another type of further processing can include recycling of a portion
of the product to the inlet of the reactor, e.g., for temperature control, Still another
alternative can include stripping the diese! boiling range product of dissolved gases.
[0047] Additional hydroprocessing of the diesel boiling range product is also
possible. In some embodiments, the diesel boiling range product can be exposed to a
hydroisomerization catalyst under effective hydroisomerization conditions, Performing
a hydroisomerization process on the diesel boiling range product can improve the cold-
flow properties of the product. Advantageously, the hydroisomerization reaction could
also simultaneously remove low levels of sulfur and/or oxygen from the diesel boiling
range product,

[0048] In the optional hydroisomerization stage, the diesel boiling range product
can be exposed to one or more reaction zones, optionally present in a separate reactor,
that are operated at hydroisomerization conditions in the presence of
hydroisomerization catalyst, Generally, catalytic dewaxing can be accomplished by
selective hydrocracking or by hydroisomerizing long chain molecules within a feed
such as a diesel boiling range feed. Dewaxing catalysts can include, but are not
necessarily limited to, molecular sieves such as crystalline aluminosilicates (zeolites) or
silicoaluminophosphates (SAPOs). These molecular sieve catalystsv may also carry a
metal hydrogenation componcht, such as a Group VIII metal, especially a Group VIII
noble metal, Dewaxing conditions can include temperatures of about 250°C to about
450°C, preferably about 280°C to about 380°C, pressures of about 300 psig to about
3000 psig (about 2,1 MPag to about 20.7 MPag), LHSV values of about 0.1 hr'! to
about 5.0 hr™', and treat gas ratios of about 500 scf/bbi to about 5000 scf/bbl (about 84
Nm®*/m’ to about 840 Nm®/m’).

[0049] In various embodiments, the molecular sieve used for catalytic dewaxing
can comprise an aluminosilicate, ¢.g., having an MRE framework zeolite such as ZSM-

48, which is a 10-membered ring molecular sieve having a 1-D channel structure.
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ZSM-48-type molecular sieves can perform dewaxing primarily by isomerizing
molecules within the feed. Typical silica to alumina ratios for the alumineosilicate can
be from about 250 to 1 or less, or from 200 to 1. Preferably, the silica to alumina ratio
of the aluminosilicate can be less than about 110 to 1, for example less than about 110
to about 20 or from about 100 to about 40. To form a catalyst, the molecular sieve can
be composited with a binder. Suitable binders can include, but are not limited to silica,
alumina, silica-alumina, titania, zirconia, or a mixture thereof. Other suitable binders
will be apparent to those of skill in the art,

[0050] Another hydroprocessing option can include mixing the diesel boiling
range product with a mineral diesel feed and then hydrotreating the mixed feed. This
option can be preferred, particularly in cases where initial hydrotreating (e.g., HDO) of
the biocomponent feed does not sufficiently lower the heteroatom (e.g., oXygen)
content. By removing a majority of the heteroatoms (e.g., oxygen) in the initial
hydrotreating (e.g., HDO) stage, suppression of catalytic activity due to the remaining
heteroatoms (e.g., oxygen) can be reduced or minimized. Thus, the hydrotreatment
stage for the mixed biocomponent and mineral feed can advantageously be a stage
where substantial sulfur removal occurs for the mineral feed. Hydrotreatment of the
mixed biocomponent and mineral feed can also advantageously produce a diesel
boiling range product. This diesel boiling range product can be added to the diesel fuel
pool, or it can undergo any of the types of further processing mentioned above.

[0051] In embodiments where a mineral feed is mixed with the biocomponent
feed prior to a hydrotreatment step, the mineral feed can preferably be a diesel boiling

* range feed. Minera! feedstreams for blending with a biocomponent feedstream can
have a nitrogen content from about 50 to about 6000 wppm nitrogen, for example from
about 50 to about 2000 wppm, such as from about 75 to about 1000 wppm nitrogen. In
an embodiment, feedstreams suitable for use herein can have a sulfur content from
about 100 to about 40000 wppm sulfur, for example from about 200 to about 30000
wppm, such as from about 350 to about 25000 wppm. Suitable diesel boiling range
feedstreams can boil within the range of about 215°F (about 102°C) to about 800°F
(about 427°C). Preferably, the diesel boiling range feedstream has an initial boiling
point of at least about 250°F (about 121°C), or at least about 300°F (about 149°C), or at
least about 350°F (about 177°C), or at least about 400°F (about 204°C), or at least
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about 451°F (about 233°C). Preferably, the diesel boiling range feedstream has a final
boiling point of about 800°F (about 427°C) or less, for example about 775°F (about
413°F) or less or about 750°F (about 399°C) or less. In an embodiment, the diesel
boiling range feedstream has a boiling range from about 451°F (233°C) to about 800°F
(427°C). Inanother embodiment, the diesel boiling range feedstream also includes
kerosene range compounds to provide a feedstream with a boiling range from about
250°F (121°C) to about 800°F (427°C).

Reaction system

[0052] The reactor used for deoxygenating the biocomponent feed can be a
hydroprocessing reactor, such as a reactor suitable for performing a hydrotreatment
process. The reactor can be configured to operate in a co-current or counter-current
manner. If the reactor is configured for counter-current operation, the reactor can be a
fixed bed reactor in one embodiment, with the biocomponent feed flowing in the
opposite direction relative to both the FCC off-gas flow and, if present, the steam flow.
If the reactor is configured for co-current operation, either fixed or fluidized beds may
be used.

[0053] The reaction system can include several inputs for the reactor. In addition
to the biocomponent feedstock, input conduits can also be available for the FCC off-gas
and optionally but preferably for steam. The input conduit for the FCC off-gas can
receive the off-gas from a scrubber that removes at least a portion of the H,S and at
least a portion of the CO; present in the off-gas. The reaction system can also include a
catalyst, Ifthe reactor is a fixed bed reactor, the reactor may include one or multiple
beds of catalyst. The effluent from the reactor can be sent to a separator, e.g., 10
produce three output streams, including a vapor effluent, an aqueous effluent, and a
diesel! boiling range product,

[0054] The catalyst in the second hydrotreatment reactor can be a catalyst whose
active ingredients include a Group VIB metal and/or a Group VIII metal, optionally on
a support. Suitable metals can include nickel, cobalt, molybdenum, tungsten, ora
combination thereof. Suitable supports can include silica, silica-alumina, alumina,
titania, or a combination thereof,

[0055] The reaction conditions in the second hydrotreatment reactor can be those

suitable for reducing the sulfur content of the feedstream to about 15 wppm or less,
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preferably about 10 wppm or less, as the feedstream is exposed to the catalyst bed(s) in
the reaction zone. The reaction conditions can include an LHSV from about 0.1 hr™! to
about 10 hr'!, a total pressure from about 100 psig to about 4000 psig (about 690 kPag
to about 27.6 MPag), a treat gas rate from about 100 scf/bbl to about 10,000 scf/bbl
(about 17 Nm*/m? to about 1700 Nm?*/m?), where the treat gas contains at least 95%
hydrogen by volume, and a temperature from about 450°F to about 800°F (about 232°C
to about 427°C).

[0056] A reaction system suitable for performing an embodiment of the invention
is schematically shown in Figure 1. In Figure 1, reactor 105 has several input conduits,
Feed conduit 112 provides a biocomponent feedstock for processing. Steam conduit
114 (optional but preferable) provides steam to reactor 105. Conduit 116 provides to
the reactor a hydrogen source comprising an FCC off-gas. As needed or desired, the
FCC off-gas can pass through scrubber 117 (optional) prior to entering conduit 116 for
passage to reactor 105, Based on the arrangement of input feeds, reactor 105 is
configured for counter-current operation; however, it will be appreciated that co-current
reactor operation can be effected with appropriate rearrangement of the layout in Figure
1. Optionally, an additional hydrogen feed 119 may be provided to the reactor, e.g., to
increase the hydrogen partial pressure as necessary. As shown in Figure 1, the
additional hydrogen feed 119 may be added at an intermediate point in the reactor.
However, additional hydrogen can additionally or alternately be introduced through or
more proximal to conduit 116 (and/or may be passed through optional scrubber 117),
along with other hydrogen and/or other gases.

[0057]) Products from reactor 105 can exit via one or more conduits. Vapor
conduit 122 provides an exit for gases and light products, e.g., that can be used as fuel
gas. Liquid conduit 124 provides an exit for liquid effluent and links to a separator
135, where an aqueous effluent 132 can be separated from a diesel boiling range
product 134, Separator 135 can also separate out any remaining gases and/or light
products from diesel boiling range product 134, As shown in Figure 1, diesel boiling
range product 134 can be passed into optional hydroisomerization reactor 143.
Therein, the diesel boiling range product can be exposed to a hydroisomerization
catalyst in the presence of hydrogen from hydrogen input 147 to produce

hydroisomerized diesel boiling range product 142,
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[0058] Another reaction system suitable for performing an embodiment of the
invention is schematically shown in Figure 2. In Figure 2, reactor 205 has several input
conduits. Feed conduit 212 provides a biocomponent feedstock for processing. Steam
conduit 214 (optional but preferable) provides steam to reactor 205. Conduit 216
provides to the reactor a hydrogen source comprising an FCC off-gas. As needed or
desired, the FCC off-gas can pass through scrubber 217 (optional) prior to entering
conduit 216 for passage to reactor 205. Based on the arrangement of input feeds,
reactor 205 is configured for co-current operation; however, it will be appreciated that
counter-current reactor operation can be effected with appropriate rearrangement of the
layout in Figure 2.
[0059] Effluent 224 from reactor 205 can enter separator 235, which can separate
out vapor phase product 222 (e.g., that can be used as fuel gas), an aqueous effluent 232
for waste or further treatment (not shown), and diesel boiling range product 234. As
shown in Figure 2, diesel boiling range product 234 can optionally be mixed with a
mineral diesel boiling range feed 252 and can then be passed into second
hydrotreatment reactor 255, optionally along with additional hydrogen 254. The mixed
feed can be hydrotreated in reactor 255 to produce mixed diesel boiling range product
262. This mixed diesel boiling range product can optionally be passed through a
second separator (not shown) to remove contaminant gases, such as H,S, prior to being
used directly or added to the diesel fuel pool.
[0060] Figure 3 schematically shows the overall integration of a reaction system
according to an embodiment of the invention within a refinery. In Figure 3, the
connectivity is shown between fluid catalytic cracking reactor 375 and hydroprocessing
reactor 305 for processing a biocomponent feed. Fluid catalytic cracking reactor 375
can represent a conventional FCC reactor, having off-gas exit conduit 377. The off-gas
can pass through this conduit, optionally but preferably through scrubber 317, and into
intervening conduit 383. In Figure 3, an optional pump 387 is also shown, if desired
for increasing the pressure of the off-gas flow. Intervening conduit 383 introduces the

“ optionally scrubbed and/or pressurized off-gas flow to hydroprocessing reactor 305.
Hydroprocessing reactor 305 also receives biocomponent feed 322, and optionally also
steam (not shown). After hydroprocessing, the liquid efﬂuent can be passed to

separator 335 via liquid effluent conduit 324. In some embodiments, liquid effluent
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conduit 324 can also include a vapor effluent, and separator 335 can also separate out
this vapor, if present. Separator 335 can also produce a diesel boiling range product
334, which can optionally be passed to another hydroprocessing reactor, such as a
hydroisomerization reactor 345, In such situation, the hydroisomerized diesel boiling

range product 342 can be used directly or delivered to the diesel fuel pool.

Examples
[0061] In Example 1, a vegetable oil having an oxygen content from about 10%

to about 12% and an unsaturation content of about 1.5 olefini¢c double bonds per
molecule is hydroprocessed in a reactor using an FCC off-gas as a hydrogen source.
Iron oxide (in this case, Fe;0,) is used as a hydrotreating catalyst and to promote the
water gas shift reaction. The temperature in the reactor is about 650°F (about 343°C),
and the LHSV is about 1.0 hr'!. A pump is used to increase the pressure of the off-gas
to about 250 psig (about 1,7 MPag). The treat gas ratio (amount of off-gas per amount
of feed) is about 10,000 scf/bbl (about 1.7 Nm*/m?), and the hydrogen content of the
FCC off-gas is about 15% by volume. An amount of steam corresponding to about 1%
by volume of the treat gas is also introduced into the reactor. This produces a
biocomponent feed with a reduced oxygen content.

[0062] In Example 2, a mixture of FAME and vegetable oil, collectively having
an oxygen content from about 10% to about 12% and an unsaturation content of about
1.0 olefinic double bonds per molecule is hydroprocessed in a reactor using an FCC
off-gas as a hydrogen source. A spent NiMo catalyst (having an HDS activity less than
about 25% of the HDS activity of the same NiMo catalyst, either as measured before its
initial use or after regeneration and rejuvenation) is used as a hydrotreating catalyst and
to promote the water gas shift reaction. The pressure of the FCC off-gas is about 100
psig (about 690 kPag), and no additional pump is used to increase the pressure., The
temperature in the reactor is about 675°F (about 357°C), and the LHSV is about 0.75
hr'l. The treat gas ratio is about 12,000 scf/bb! (about 2,000 Nm*/m’), and the
hydrogen content of the off-gas is about 14% by volume. An amount of steam
cotresponding to about 0.5% by volume of the treat gas is also introduced into the
reactor. The liquid effluent from this process is separated and/or stripped to remove
any gases, and then mixed with a diesel boiling range feedstream. This mixture is

processed in the presence of a CoMo hydrotreating catalyst at conditions including a
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température of about 550°F (about 288°C), a total pressure of about 200 psig (about 1.4
MPag), an LHSV of about 1,0 hr, and a treat gas ratio of about 1000 scf/bbl (about
170 Nm?/m?), where the treat gas contains at least 95% hydrogen by volume. This

produces diesel boiling range product suitable for use as a diesel fuel.

Additional Embodiments

[0063] Embodiment 1. A method for hydroprocessing a biocomponent feedstock,
comprising: treating an off-gas stream from a fluid catalytic cracking reactor to remove
hydrogen sulfide and carbon dioxide, the treated off-gas stream having a hydrogen
content of not more than 25%; and hydroprocessing a feedstock comprising a
biocomponent portion in a reactor in the presence of the treated off-gas stream, a
catalyst with hydrogenation activity, and steam under effective hydroprocessing
conditions to produce a vapor effluent, an aqueous effluent, and a diesel boiling range
product.

{0064] Embodiment 2. The method of embodiment 1, wherein the catalyst is a
water gas shift catalyst,

[0065] Embodiment 3. The method of embodiment 2, wherein the water gas shift
catalyst comprises an oxide of iron, copper, zinc, chromium, or a combination thereof.
[06066] Embodiment 4. The method of embodiment 3, wherein the water gas shift
catalyst comprises Fe30s4.

{0067] Embodiment 5. The method of any one of the previous embodiments,
wherein the feedstock is substantially free of sulfur,

[0068] Embodiment 6. The method of any one of the previous embodiments,
wherein the treated off-gas stream is substantially free of sulfur.

[0069] Embodiment 7. The method of any one of the previous embodiments,
wherein the catalyst comprises a spent hydrotreating catalyst.

[0070] Embodiment 8. The method of any one of the previous embodiments,
wherein the effective hydroprocessing conditions include an LHSV from about 0.5 hr!
to 1.5 hr”', a temperature from about 600°F to about 650°F (about 316°C to about
343°C), and a hydrogen partial pressure from about 10 psig to about 200 psig (about 69
kPag to about 1.4 MPag).
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[0071] Embodiment 9, The method of embodiment 8, wherein the hydrogen
partial pressure is at least about 15 psig (about 103 kPag).

[0072] Embodiment 10, The method of any one of the previous embodiments,
wherein the biocomponent portion is reacted in the presence of an additional hydrogen-
containing stream.

[0073] Embodiment 11. The method of any one of the previous embodiments,
wherein hydroprocessing the feedstock comprises introducing the feedstock into the
reactor in a counter-current manner relative to the treated off-gas stream.

[0074] Embodiment 12. The method of any one of the previous embodiments,
wherein the vapor effluent is used as a refinery fue! gas.

[0075] Embodiment 13. The method of any one of the previous embodiments,
further comprising hydroisomerizing the diesel boiling range product.

[0076] Embodiment 14. The method of any one of the previous embodiments,
further comprising mixing the diesel boiling range product with a mineral feed and
hydrotreating the mixed feed under effective hydrotreating conditions.

[0077] Embodiment 15. A system for hydroprocessing a biocomponent feed,
comprising: a hydroprocessing reactor, including an input conduit for introducing a
biocomponent feedstock and a liquid effluent conduit; at least one catalyst in the
hydroprocessing reactor having hydrogenation activity; a fluid catalytic cracking
reactor, including at least one output conduit for removing an off-gas; an intervening
conduit to provide fluid communication between the output conduit of the fluid
catalytic cracking reactor and the input conduit of the hydroprocessing reactor; a
scrubber for removing hydrogen sulfide and carbon dioxide from a flow in the
intervening conduit; and a separator for separating an aqueous effluent from a diesel
boiling range product in the liquid effluent conduit of the hydroprocessing reactor.
{0078] Embodiment 16. The system of embodiment 15, wherein the scrubber
comprises an amine scrubber.

[0079] Embodiment 17. The system of embodiment 15 or embodiment 16,
wherein the at least one catalyst comprises a water gas shift catalyst.

[0080] Embodiment 18. The system of any one of embodiments 15-17, further

comprising a pump for increasing the pressure of a flow in the intervening conduit.
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[0081) Embodiment 19. The system of any one of embodiments 15-18, further
comprising a second hydroprocessing reactor, the second hydroprocessing reactor being
in fluid communication with the separator for receiving the diesel boiling range
product.

[0082] Embodiment 20. The system of embodiment 19, wherein the second

hydroprocessing reactor is a hydroisomerization reactor.
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1. A method for hydroprocessing a biocomponent feedstock, comprising:

treating an off-gas stream from a fluid catalytic cracking reactor to remove
hydrogen sulfide and carbon dioxide, the treated off-gas stream having a hydrogen
content of not more than 25%; and

hydroprocessing a feedstock comprising a biocomponent portion in a reactor
in the presence of the treated off-gas stream, a catalyst with hydrogenation activity,
and steam under effective hydroprocessing conditions to produce a vapor effluent, an
aqueous effluent, and a diesel boiling range product;

wherein the effective hydroprocessing conditions include an LHSV from
about 0.5 hr! to 1.5 hr', a temperature from about 600°F to about 650°F (about
316°C to about 343°C), and a hydrogen partial pressure from about 15 psig to about
200 psig (about 103 kPag to about 1.4 Mpag).

2. The method of claim 1, wherein the catalyst is a water gas shift

catalyst.

3. The method of claim 2, wherein the water gas shift catalyst comprises

an oxide of iron, copper, zinc, chromium, or a combination thereof.

4. The method of claim 3, wherein the water gas shift catalyst comprises
Fe3O4.

5. The method of claim 2, wherein the feedstock is substantially free of
sulfur.

6. The method of claim 2, wherein the treated off-gas stream is

substantially free of sulfur.

7. The method of claim 1, wherein the catalyst comprises a spent

hydrotreating catalyst.
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8. The method of claim 1, wherein the biocomponent portion is reacted in

the presence of an additional hydrogen-containing stream.

9. The method of claim 1, wherein hydroprocessing the feedstock
comprises introducing the feedstock into the reactor in a counter-current manner

relative to the treated off-gas stream.

10.  The method of claim 1, wherein the vapor effluent is used as a refinery

fuel gas.

11.  The method of claim 1, further comprising hydroisomerizing the diesel

boiling range product.

12.  The method of claim 1, further comprising mixing the diesel boiling
range product with a mineral feed and hydrotreating the mixed feed under effective

hydrotreating conditions.



