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f0001] Not applicable.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] Not applicable.

BACKGROUND OF THE INVENTION

1, Field of the Invention

[0003] The present invention relates generally to a process which
removes oxygen from biomass, and more particularly, not by way of
limitation, to an improved hydrodeoxygenation process.

2. Brief Description of the Related Art

[0004] Biomass is a renewable alternative to fossil raw materials in
production of liquid fuels and chemicals. Increase of biofuels production is
part of the government’s strategy to improve energy security and reduce
green house gas emissions. However, most biomass has high oxygen
content which lowers fuel quality and heat vaiue. Upgrading biomass or
biomass intermediates into high quality hydrocarbon fuels thus requires
removal of oxygen. The biomass oxygen may be in the form of an ester,

carboxytic acid or hydroxy!l groups.



carboxyHc acid or hydroxy! groups.[0005] Renoval of oxygen by catalytic
reaction with hydrogen is referred to as hydrodeoxygenation (HDO . This
reacti on wayolgssesnduct ed with conventional fixed-bed biPaEtiskI08©O86805
hydrotreati ng catal ysts such as sul fided ni ckel - mol ybdenum (Ni Mb) or
csbal t -rnot ybdenum (CoMb) which are commonly used in refineries. [0006]
Unrefined vegetable oils and- aninmal fats have several hundred ppm

Cont ai n 4003 o p Al nBr B R P il ssadiin Shithe hiEbdsMuts e i n
t he fat/gre?se feed l%ut conme out of solution_during the HDO reaction and

plug the C&FEreditonas. Vﬁﬁ%‘?%@ﬁ%eé'}@&nt PN albBis rassionvmay bacopdusisdt by

reduci ng avail able pore surface. | n the presence of free fatty acids,
met al chl o¥itesonugntionah sfiiadsbeds drpwetébicy hydabticatingt emtalye)s $uchs uah
form netals are difficult to renove using conventional cleanup

t echnol ogisesfided micle wabBibaersih miMbPQQY:b@ﬁ:Vﬁf bden@h @IMPY AeREPape f or
producing fuels fromstarting materials such as plants and aninals are

known. OOWHﬁdﬁW@%EMQEQ‘EﬁHEﬁeﬁJ I's to n-paraffins has been reported in the
prior art. Some prior art has shown that the process nay be applied to

(r)tegt?;u]; gﬁﬁg%“ie% 'eg”@a?,%ﬁ;@; @F}%h §|Jrl]§ it GRS $Ses BAVE ey LR nufidfed
ppm phosphorus in the form of phospholipids. In addition, animal fats may
contain up to a thousand ppm metal chloride salts. The salts are soluble in
the fat/grease feed, but come out of solution during the HDO reaction and
plug the catalyst bed. The metals/salts can also deactivate the catalyst by
reducing available pore surface. In the presence of free fatty acids, metal
chlorides may form soluble soaps (e.g. calcium stearate). In such form,
metals are difficult to remove using conventional cleanup technologies such
as water washing.

[0007] Several prior art processes for producing fuels from starting
materials such as plants and animals are known. Conversion of vegetable
oils to n-paraffins has been reported in the prior art. Some prior art has
shown that the process may be applied to other forms of biomass such as
tall oil fatty acids, animal fats, and restaurant greases. Hydroisomerization
of the bio-derived n-paraffins to isoparaffinic diesel has been taught in the

prior art.



of the bio-derived n-paraffins to isoparaff nic diesel has been taught in
the prior art.[0008] Oher prior art describes use of feed treatnent

upst reamwO 2009/08886r eact or. Overal |l cl eanup efficiency eCTaBwosssdseport ed.
However no attenpt is nade to inprove the hydrocarbon yields by increasing
HDO efficiency. In fact the CO+tCO2 yields reported are as high as 15%
(which is near theoretical maxi num decarboxyl ation (DCO, suggesting very

' HDO ef 4 &4 Stil th ' t L h f feed

ai Vut on (ROORTCYL OB B otk QtBRe BBl vBRY BRTTED hErem Faom ouer
b f h th I ¢ HDO tion, which int
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reduce catal yst activity. However the |level of dilution reported for good
resul ts i sathemnpteis 30ad@ di0mprive stheevaidrotarfbesd vieldat byninaraasihgt B®Q@ o a
significant increase in reactor size and separation/recycle costs. [0010]

Use of pr eeffigidhegentt fadt theoCOatQDAYRIdS ecfiottbl erbansiBighnat &% r ivetivegsi de
is described in other prior art. However, this pre-hydrogenation describes

the wel | - kiownneegetiahl .%a@ésrhuha/%eg%@&sy|$g%@f(gn%§)§ewygé§uﬂ%gé%ﬂ§fw Bipye

any oxygen. As such, the hydrogenolysi alyst' 1s
not affect&ﬁc@gcwch pr e- hydr ogenati on.

[0009] Still other prior art teaches use of feed dilution to achieve better
catalyst life. Solvent dilution is used to lower average bed temperatures for
the exothermic HDO reaction, which in turn reduces the heavy side products
that are formed at high temperature and reduce catalyst activity. However
the level of dilution reported for good results is between 3% and 20%. This
level of feed dilution translates to a significant increase in reactor size and
separation/recycle costs.

[0010] Use of pre-hydrogenation to saturate the double-bonds in the
triglyceride is described in other prior art. However, this pre-hydrogenation
describes the well-known vegetable oil hydrogenation process which does
not remove any oxygen. As such, the hydrogenolysis load on the main HDO
catalyst is not affected by such pre-hydrogenation.

[0011] To this end, although processes of the existing art utilize
biomass to produce biofuels, further improvements are desirable to increase
HDO efficiency, reduce water partial pressure in the reactor, achieve a low

capital/low operating cost method of removing heat from the fixed-bed



[CAi] To this end, although processes of the existing art utilize bionass
to produce biofuels, further inprovenents are desirable to increase HDO
ef fi ci encwQ 20@d8s@6wat er partial pressure in the react oPCTASRIOSWESSES | oW
capitai/l ow operating cost nethod of renoving heat fromthe

fi xed-bedreactor system or address the problens with high acid feeds
(characteristic of fatty acid containing biomss), which inpacts

reheat er/ I | i@ i ' ks
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DRAW NGS 1 | Qe i . e i L\agr f an_operation_of

hydr odeox£/ enﬁ@‘gn%ﬁ@cgég@ﬁﬁ-& gﬁﬁ%ﬁ?gé)t’ he‘gﬁ]‘rcg‘s ewp?ﬁéerﬁﬁe%w?&f%ﬁ%ﬁmﬁg.
is a schematic di agra shoY\/i ng .an alternative enbodi ment of a

hydr odeoxy§EKHYTaN Bﬂg]c%%fé YR cRHtEFRp- db IEH® SHER hiPrPReEH thah theoeresenky.
Is a gas chromatogram of Run 1 shown in Table Ill1. [0015] Rg. 4 is a gas
chr onmat ogrinNediioRUs dreshein in Table I11. SUMVARY OF THE | NVENTI ON [ 0016]

Veget abl e QUs aninal fats, and greases are glycerides (di- and tri-esters)
with varying concent r alBRIEF @ESCREPTION OF THE ORAWINGSC aci ds). [0017]

The ideal triglyceride HDO conversion is shown in Equation (1).
[0012] Fig. 1 is a schematic diagram of an operation of a
hydrodeoxygenation process according to the present invention.
[0013] Fig. 2 is a schematic diagram showing an alternative
embodiment of a hydrodeoxygenation process according to the present
invention.
[0014] Fig. 3 is a gas chromatogram of Run 1 shown in Table III.
[0015] Fig. 4 is a gas chromatogram of Run 2 shown in Table III.

SUMMARY OF THE INVENTION

[0016] Vegetable oils, animal fats, and greases are glycerides (di- and
tri-esters) with varying concentrations of free fatty acids (carboxylic acids).

[0017] The ideal triglyceride HDO conversion is shown in Equation (1).
More typically, the HDO reaction is accompanied by the DCO reaction shown
in Equation (2). Since DCO involves loss of a carbon atom while HDO does
not, the ideal HDO reaction is preferred for high hydrocarbon vyields.
Furthermore, DCO generates CO; and CO which need to be removed from

the recycle hydrogen, thus adding to the cost of the HDO process.



More typically,

in Equation (2).
not, the woeady/d8EX3¢r eaction is preferred for
Furt her nore,
recycl e hydrogen,

the HDO reaction is acconpani ed by the DCO reacti on shown
Since DCO invol ves | oss of a carbon atom whil e HDO does

hi gh hydr oearhsnoogiosdsds .

DCO generates CO2 and CO which need t o be renoved fromthe
t hus adding to the cost of the HDO process.[0018] By
conducti ng the HDO conversion in two sel ective steps,

the ideal Equation

ét”ep‘s")i“xir 8]y ch bt thgf'#béa 3@@953%65”ﬁot\agh%l%%ﬁ\é?ﬁ%%@% e
di ester ( and 2 oxygenating the fatty alco and the
di ester td #gﬂ'ﬁ‘? Q @c}u%ﬁ'? §"%5f°ra %%SI)V.CQ(' dﬁt@%‘?"‘@@)sdengﬁi%O(S)

+ Equation ﬁ ation
such as M$e W’C@l%

as Ni Mo. The process uses two different types

é-glg . The first step
Bd Stmao lmgqluer et) uwaclkihghpfde adgiycetigecintal gsfattguch

uses a low activity catal yst

of catalysts to achieve two

sel ecti ve dtbholeant i @rdiestehe( Bquatiors (B)), HXA g aleydinicdxgygenatingrite fdteyfree

fatty acid according to Equation (4).

Equat i ons:

+ 15 H2 3 Cl16H38 + C3H8 +

320 (1) ChilcolfbiFhétad IdssteHto Rarefrfs {FdBtichS($Rard Fb7BEeusaER (8)3 C2

Equation (5) + Equation (6) =

Equation (1)).

The first step uses a low

activity catalyst such as Mo, the second step requires use of higher activity

catalysts such as NiMo. The process uses two different types of catalysts to

achieve two selective HDO reactions.

The first step HDO reaction also

converts the free fatty acid according to Equation (4).

Equations:
CHy — 0-CO-CyHas

|
(;JH ~Q-CO-Cy7Has
CHz~ 0-CO-Cq7Has

+ 15H2 —

CH — O-CO-Cy7Hzs
i

C;}H —0-CO-Cy7Haz

CH; — 0-CO-CyrHz

—

+ G Hy

CHz ~ O-CO-Cy7Hzz

1

(I:H —0-CO-CyHss + 4H, —» CugHaOH +

CHy— O-CO-Cy7Ha3

HO-CO-CyzHss + 4 Hy, ——m CigHas

.(?':Hz — 0O-CO-C7Has

Clle

CHz—0O-CO-Cy7Hs3
{1,3- and 1,2-diesters)

CigHla7OH  + Ha E— CigHag  +

3CqgHsg +C3Hg + BHO

3017H35 +C;3H3 + 3 COZ

+ 2 H0O

+ 10H; —» 2 CigHas +CaHg + 4 H,G

(1)

(}:Hz —Q-CO-CyHas
CH, +H 0 (3)
CHz — O-CO-CyHxn
(1,3~ and 1,2-diesters)

(4)

Hz0

understood by one of ordinary skill in the art that

the fatty acid composntlon may vary

considerably in feed stocks of different origin.



CH2 - OCOGCG 7H33 CH2 - 0-COC 17H3S CH - 0-CO-C 17H33 + 4 H C13H37CH -
CH2 + H2O0 (3) CH2 - O COC 17TH33 CH2 - 0-COC 17H33 (1,3- an 1, 2-diestersJ
HO CO- C wHi 2009085686- C 18H3 + 2 H20 (4) CH2 - O CO C 17IF83/USkingH8aB0s H2 - 2
C18H38 + C3H + 4 H20O (5) (I,3- and 1,2-diesters) C13H370H + H2 C18H33 + H20
(6) Note: Oeic acid is .shown as typical fatty acid for all illustrative
reactions. | t should be understood by one of ordinary skill in the art

that the fatty acid conposition nay vary considerably in feed stocks of

di fferent oriqin. DETAILED DESCRI PTI ON OF THE | NVENTI ON [ 0019] Referring now
to the draw ngs, and DEFAILERtDESCRIRTHONFOE. THE INMENTIONei n is a
schematic of the operation of the process in accordance with the present

i nvent i on [0} cr i Befernipgenow o bvefdrewingd, andmaraipagtiCalarly sxiFie &nd/ or
fatty acid esters, is pressurized to between about 1,200- 1,800 psig using
punp 102. showresiseirdizdd Hsofi@edtitOsr tise opebaties dfithe proceey hestdoydagaen

stream 134 (conpressed to the sane pressure) such that
with the present invention as described herein. A biofeed 101, containing
fatty acids and/or fatty acid esters, is pressurized to between about 1,200-
1,800 psig using pump 102. A pressurized biofeed 103 is combined with a
recycled hydrogen stream 134 (compressed to the same pressure) éuch that
a combined reactor feed 104 is heated through a feed-effluent heat
exchanger 105 before further heating to the desired reactor inlet
temperature of between about 600-650°F in heater 106. A preheated feed
stream 107 enters a first stage HDO reactor 108. The first stage HDO
reactor 108 is packed with a high pore capacity alumina impregnated with a
low activity hydrogenation metal. In addition to alumina, silica, aluminum
phosphate, and combinations of these, may also be used. Suitable active
metals for this type of catalyst include molybdenum, chromium, tungsten,
copper, and others from Group VIB, VIIB, and IB of the periodic table, as
fully reduced metal or metal sulfide. Since the first stage HDO reactor 108
acts as a “guard reactor” for a second stage HDO reactor, provisions for
mitigating fouling are made by using larger-size, high void catalysts. One
example of a catalyst that may be used in the first stage HDO reactor 108 is

TK-709 commercially available from Haldor Topsoe. The reaction which

oceurs in the first stage HDO reactor 108 converts the fatty acids to paraffin



a conbined reactor feed 104 is heated through a feed-effluent heat

exchanger 105 before further heating to the desired reactor inlet

t enper at LWe 2049/is8486een about 600- 650 OF in heater 106. ARCprish@aeos eed
stream 107 enters a first stage HDO reactor 108. The first stage HDO
reactor 108 is packed with a high pore capacity alumna inpregnated with a
| ow activity hydrogenation netal. | n addition to alumna, silica, alum num

phosphat e,,_and conb t|on of these, so be used. ,Sui t%? ctiv
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copper, and others from Group VIB, VIIB, and IB of the periodic table, as
fully redLﬁfélé”ﬁ%ﬁ&terﬁr(Eﬁﬂﬁ’éans(@D)| de. Since the first stage HDO reactor 108
acts as a "guard reactor"” for a second stage HDO reactor, provisions for

mtigati ndf@0R0Ing dhe eflertyl08iofgtharfyst -stage, HbCyheactod B8 dk ysicted One
exanpl e of a catalyst that may be used in the first stage HDO reactor 108

is TK-709 waughca Phd oL et S é)liéHErII'd%ldPIOaTOW@@eIe@'SQréﬁﬂCﬂPg W(é.ﬁ@
occurs in the

irst stage HDO reactor I08 converts the fatty aci
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exchanger FYeRQ0IL @3S PRAsR- 11
and est er Sdflag]oslitlsq#l':a% aprgaf%ﬁme%lnﬂpgr){ OcI:ro?n?:lggsgtr:gn of water. The two phase cooled
stream 111 is cooled further in air cooler 110b to condense all water.
Water, organic liquid, and hydrogen-rich vapor are separated in a three-
phase separator drum 112,
[0021] With the fatty acids converted in the first stage HDO reactor
108, the metals not trapped in the catalyst are expected to be removed with
drum 112 water stream 113¢. A hydrogen rich vapor phase 113a from drum
112 is recycled to the HDO reactors. A partially hydrodeoxygenated liquid
113b is combined with recycled hydrogen 135. A combined stream 114 is
heated in the heat exchanger 110a before entering a second stage HDO
reactor 116 at about 550°F. Since the fatty acids were converted in reactor
108, the heat exchanger 110a and the second stage HDO reactor 116 need
not be designed for acid service. The remaining oxygen atoms in the fatty
alcohol and diester intermediate are removed via hydrogenolysis over a

bimetallic catalyst, such as sulfided NiMo on alumina in the second stage

HDGO reactor 116 (Equations (5) and (6)). Other catalysts suitable for use in



wat er vapor in gas phase. Additional water is introduced to wash the salt
deposits that are fornmed upon condensati on of water. The two phase cool ed
stream 11WOi280%888ed further in air cooler 110b to condenTaSalos/oseser .
Water, organic |liquid, and hydrogen-rich vapor are separated in a i

t hreephase separator drum 112. [0021] Wth the fatty acids converted in the
first stage HDO reactor 108, the netals not trapped in the catal yst are

ted t ] ;l.ch
expect <3 Rkl BRI Byf1en EHii g uplo TSR S s0oghen |
hydr od ted ljquid 113h. i nbi ned, wi t | ed hyd 135. A
e e N e

second stage HDO reactor 116_at about 5500F. Since the fatté aci ds were
convert ed [QP22hct oFfflusnt i Hegoolse iande heeh exedhangersdBdnd AtegdediDo

reactor 116 need not be designed for acid service. The renai ning oxygen
atons in tdtecdmt 18 atadhils anphrdiffiss én liguid rpreticatandveategnbhydcbgarg and
hydr ogenol ysis over a binetallic catalyst, such as sulfided Ni Mo on alum na

in the sequpadkagevabs? prass.orLiddd sfduaidornsre(Sapaated Mo dRMREI19, A

catal ysts suitable for use inreactor 116 include sulfided CoM and Ni M on

ThEPEL S EBITSBRHTLOMS 35 RO FLSRPRR Foofl 158 e congaNaONay:
hydrocarbons (including propane) and water. A three phase stream 123 is
separated in a drum 124 into a hydrogen-rich vapor stream 125a, a paraffin
product stream 125b, and water 125¢. The water is combined with HDO
water 113c from reactor 108 and sent to offsite water treatment for use or
disposal. Paraffin product streams 120b and 125b may be combined into a
single stream 126. The n-paraffins in stream 126 may be hydroisomerized
to isoparaffinic diesel and/or hydrocracked to isoparaffinic kerosene jet fuel.
The LPG and naphtha co-products may then be separated. A fixed-bed
reactor similar to the HDO reactors described herein may be used for
hydro‘isomerization/hydrocracking. Suitable catalysts include Group VIIIB
metals such as platinum, palladium, and nickel on amorphous or crystalline
supports such as alumina, fluorided alumina, silica, ferrierite, ZSM-12, ZSM-
21, SAPO-11, and SAPO-31.
[0023] The desired hydrogen concentration in a recycle treat gas 133
may be reached by purging (stream 127) some of the recycle hydrogen and

replacing that with makeup hydrogen (stream 132). To reduce the



stream 118 contains n-paraffins in |liquid phase, and water, hydrogen, and
propane in vapor phase. Liquid and vapor are separated in a drum 119. A
vapor strwern®aBassshs cooled in an air cooler 122 to con@emars2a0sosdsnght
hydr ocar bons (i ncludi ng propane) and water. A three phase stream 123 is
separated in a drum 124 into a hydrogen-rich vapor stream 125a, a paraffin
product stream 125b, and water 125c, The water is conbined with HDO wat er

113c f t 8 and sent to offsit treatent f
i sposal . YRR Nors 5aRr DEBIRRMPIEDORRRIA L4 NARPOBTeEHBEAAdTPHEb %

single stream 126. The n-paraffins in stream 126 may be hydroi sonerized to
i sopar af f iFHIHIGRLIEUNENR Dr IRRUHieaske asdydropan suifide camenosiensarizan
fuel. The LPG and naphtha co-products may then be separated. A fixed-bed

react or sididkige, tand hearbbd nmeaahdde plesent badrdugck nraaty ghe U2Rdadeothus
hydr oi sameri zati on/ hydrocracking. Suitable catalysts include Goup VIIIB

metal s suglnigved &t iunmy 20ald prbiviaR rﬁgﬁl wuﬁlyqﬁyd%ﬁgéﬁwr%@@%sqs@rrdrsmicb' ne

supports such as alum na, fiuorided um na, l'iCa, ferrierite,

gsﬁaciél esi‘?lr:)gg\?hgas %%B#D%QQaﬁédEEﬁ”ﬂﬁ?graﬁ% ?éﬂi'%gﬁ]ﬂ/ i%é%gg%a%?gtnh:an
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through a and combined with treat gas 130 in recycle compressor 131b to provide the
treat gas for the HDO reactors.
[0024] Referring to Fig. 2, shown therein is another embodiment of the
operation of the process generally in accordance with the invention as
described herein except that the water from the first stage HDO reactor 108
is not recovered as a liquid effluent. Instead, water vapors from both HDO
reactors 108 and 116 are combined as vapor stream 121a for condensing in
the single air cooler 122. Aithough a lower capital cost embodiment, the
water soluble salts are not removed with inter-stage water effluent.
Maodifications may be made to the two-stage HDO process to account for
changes in feed quality as shown in Fig. 2. For example, if the feed is
deficient in organic sulfur, a sulfur agent must be introduced to keep the
catalysts in the sulfide state. As another example, hydrogen quench may be
employed to reduce the temperature rise across each bed. Additionally,

removal of water between the two reaction stages provides an effective

means of removing reaction heat and decreases water partial pressure (and



purification unit 129. Inpurities such as hydrogen sulfide, amoni a, carbon
di oxi de, and carbon nonoxi de present in recycle treat gas 128 are thus
renoved iwOund%083cd® to provide high purity hydrogen tre®CTg®30088868hdDr HDO
reaction. Scrubbers (absorption colums) are commonly used for this
application. Makeup hydrogen gas 132 is pressurized in conpressor 13la and
conbined with treat gas 130 in recycle conpressor 131b to provide the treat

RN e o R LR S N
h e BERL, O BB oEREr et ferel 5, Sxechl Lol e vater fremthe !ir

vapors fromboth HDO reactors 108 and 116 are conbined as vapor stream 12la
for condengpdijicRionaarsiwighs the spiviblofthe davemivadwohstagediBPD prosiesal cost
enbodi ment, the water soluble salts are not renoved with inter-stage water

ef fluent. [@0RE] cat Thesswmytdie HIEO epriogetd &olver stiegrepHIXAspr 9e&Es nbb rAgsgount
for changes in feed quality as shown in Rg. 2. For exanple, if the feed is

ey i e

enpl oyed 4ghd BIHCSebNErd RERRMER 5h SGrathve (RGP rBdvidg Heat W ¥he
exothermic HDO conversion, reduces water partial pressure, and prevents
contaminants from deactivating/plugging the high activity catalyst bed.
Furthermore, by selectively converting the free fatty acids in the first stage
HDO reactor 108, the corrosive load on the second stage HDO reactor 116
and catalyst is eliminated. |
[0026] In order to further illustrate the present invention, the following
examples ére given. However, it is to be understood that the examples are

for illustrative purposes only and are not to be construed as limiting the

scope of the subject invention.
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removal of water between the two reaction stages provides an effective
nmeans of renoving reaction heat and decreases water partial pressure

(andi ncr esieago%dssesiydr ogen partial pressure) which is klromuSt@siosesnease
catal yst stability. It should be understood by one of ordinary skill in the
art that such nodifications are within the spirit of the inventive

t wo- st age HDO process. [0025] The two-step HDO process sol ves other process

needs not met by a single stage adi agg i &Iﬁ'sxed- bed reactor typically used
in the prior art. The two-step proce %{P i“des an effective way of

renovi ng heat fromthe exotherm c HDO conversion, reduces water parti al
pressure, M%Mﬁ%m deacti vati ng/ pl uggi ng the high
activity catal yst bed. Furthernore, by selectively converting the free
fatty aci dP9A7ihe A b#andofideroMbOgrease oyellOs, grdases; powtiyveil] dadtation he
second stage HDO reactor 116 and catalyst is elimnated. [0026] | n order
to furthergrdasgst@md elarte waise peapatdil, e Mhieofatty hacidolgrenien mhfexaaPbR:idANE
given. However, it is to be understood that the exanples are

for
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rease,  andarinaft HtiERfon &'e Bl o1 REHEY she ireaifd e
Table 1.

Fatty Acid Distribution of Feedstock (wi%)

C12:0 0.1
€14:0 0.9
C15:0 0.1
C16:0 21
C17:0 0.3
C18:0 8.5
C20:0 0.6 .
C22:0 0.1
Cl4:1 0.2
C15:1 <0.1
C16:1 4.4
C17:1 0.1
¢18:1 42.4
c18:2 19.2
C18:3 1.1
Cc20:1 0.8
C20:2+ 0.2

11



summarized in Table I . Additional properties, including free fatty acid
and contam nants concentration, are listed in Table I | under the heading
Feed." Tawbeot9/ossd8atty Acid Distribution of Feedstock (WCIURawI8H8ddns
Performance of First Stage HDO Reactor (Note a) Notes: (a) Al runs at 1600
psig pressure, 2 LHSV feed rate, and 7,500 scf/bbl gas-to-o0il ratio (b) GC
retention tine 22-25 nm [0028] A 100 cc pilot plant reactor was filled

W|thabot dof | ow acti_vi t oxi de _catal yst and a top bed

i nerts. ﬂ@—i&)??ﬂcﬁf'@@ﬂ‘c@&ﬁsﬁ %%eﬁgeéqgﬁaﬁ\%aqtkr?b@t%éba| yst from Hal dor
Topsoe (ground and sieved to[fiZ<kBHe MERIRE4ZAE) Tamy 54,8 g of inert glass
beads (-70+ 100 nesh). The t ¢pLFEd gopu QPF TH-6ipop! umina inert reactor

t oppi ng MHATapFL R WARREs TOPSOE a 2|0 giags beags. [0029] The
nol ybdenurzest ﬂm%@f/ Toed sty o Eh v 5' g diluted in uitra-1low

. Y L3
sul fur di Hre—t 3111—3—5% A efpetatyre was 700 OF at
whi ch the B/CUngéfbon‘fﬁéble}sm g6+ S 95:7, gt .9'1‘ s then cool ed down
to 400 OF W 'eev‘éﬁtwnaﬁ‘d oty L 305 1908l 428Uy DRl o [Hsv (active
catal yst Hd&i ﬁ, e U503 [ ¢ 58A8Y 50.dab. 8 160 9e8Wbl 1 hroughout this
sul fiding - S WVRRIBRAKL n nprindrm'm] ThHe feed was punped through
the react(‘erﬂf 16()() In§| a H 142 42.7 25.1 26.5

Phosphorus 193 31.6 91.3 75.9
Group I1+11 metals 987 358 439 508
Byproduct vields (wt %)

Water ——— 1.23 5.58 6.6
CcoO ———- 0.23 0.45] 0.72
Ccoz g 0.0 0.15| 0.70
Notes:

(a) All runs at 1600 psig pressure, 2 LHSV feed rate, and 7,500 scf/bbl gas-to-oil ratio
(b) GC retention time 22-25 min.

[0028] A 100 cc pilot plant reactor was filled with a bottom bed of low
activity molybdenum oxide catalyst and a top bed of inerts. The bottom bed
consisted of 28.2 g TK-709 catalyst from Haldor Topsoe (ground and sieved
to -20+100 mesh size) and 37.8 g of inert glass beads (-70+ 100 mesh).
The top bed was 19.2 g TK-30 alumina inert reactor topping media from
Haldor Topsoe and 25.2 g glass beads.

[0D029] The molybdenum catalyst was sulfided by dimethyl disulfide
diluted in ultra-low sulfur diesel solvent. The maximum sulfiding
temperature was 700 °F at which the reactor was held for 16 hours. The
reactor was then cooled down to 400°F with solvent still flowing. Liquid flow
was at 2 LHSV (active catalyst basis) and hydrogen flow at 7,000-8,000

scf/bbl throughout this sulfiding and catalyst break-in period.



pressure while tenperature was ranped to target condition for the
experinment. The test conditions and results are sunmarized in Table II.

[ 0031] Thwodnepssesesaci d nunber suggests conversion of f PeE/USa08Y3Es05 ds
starting bel ow 5000F and virtually conplete at 6500F. The gas chromat ogram
(GC) of the reactor product streamindi cated conpl ete conversion of the
triglyceride at 6500F. Further analysis using GC-M5, GC with a

paraffin-o mR~al c I d F eGl.rosc: conf | d that, the
roduct s cfo0R0Yy A sERaak puiii EhRuRdH) eC BRARGr AR 16 g e

[ 0032] The_ product 3-8'{ t he 6000F and the 650F conversion runs_above were
conbi ned aRIPSFSER ¥diee SEMBETRE eWaB0 2R eL kG oFargehe cPRERINY fO6nthEned
a Ni M catal yst and was sul fided according t o the procedure descri bed
earlier inexpedmensnpihe tephsongditions and resviksre suponaticedsndiabls phce

vel ocities were conducted and are summarized in Table Il11. Table I11I.

Per f or mrancp00813ecoftheStiage irHB0dRaanibar {iNpdests aonbkrdioh ast. frea)faligastids
feed conposite of first stage HDO reactor from 600 and 650 F (see Table I )

() oo ssung 1hosoore snur O, Biaghaic edove Comiet g,

3). The HOQyRIMAGQGPARY 8E) of the reactor product stream indicated complete
conversion of the triglyceride at 650°F. Further analysis using GC-MS, GC
with a paraffin-olefin-alcohol standard, and FTIR spectroscopy confirmed
that the products of triglyceride conversion were fatty alcohols and diesters.
[0032] The product of the 600°F and the 650°F conversion runs above
were combined and used as feed to another 100 cc reactor. The reactor
contained a NiMo catalyst and was sulfided according to the procedure
described earlier in this example. Two runs at different temperaturés and

space velocities were conducted and are summarized in Table III.

Table ITI. Performance of Second Stage HDO Reactor (Notes a, b)

Run 1 Run 2
LHSV (hr'') 3 1.5
WABT (F) 680 700
gas~to-oil ratio (scf/bbl) 16,000 10,000
Specific gravity 0.805 0.795
Water yield (wt %) 4.6 7.8

Notes:
(a) Reactor feed composite of first stage HDO reactor from 600 and 650 F (see Table I)
(b) Both runs at 1600 psig pressure

[0033] Run 2 resulted in complete conversion to n-paraffins, as
suggested by specific gravity and GC (Figure 3). The HDO efficiency was

calculated by ratio of n-C18 to sum of n-C17 and n-C18. (Since there is very

13



calculated by ratio of n-Cl8 to sumof n-Cl7 and n-Cl18. (Since there is
verylittle C17 fatty acid in the triglyceride/fatty acid feedstock, all

n- C17 nmuswobkeo%wssesed via DCO.) The HDO efficiency was tira3/usadosobesved t o be
80% Exanple 2 . Qne-staae HDO Process [0034] A 100 cc isothermal tubular
reactor was filled with 80 cc of N Moon- alum na catal yst pellets
(commercial catalyst from Catal yst Tradi ng Conpany, Ltd., Houston) and

+70- 100 eads, . The catal yst. had the sanme MoG3/ N O | oadi ng and
surface gﬁiﬂeiﬁﬁ@%ﬁw H‘hﬂé‘? Eggﬁ’&é”ﬁﬁéfaﬁ’ﬁqyea@dd:ﬁéd%ks @l n-ddd 28 ng
to the nmethod described therein. The reactor was operated at 700 F and
1,200 - 1feovedsiia EOPr ddeurBOeflitigmyhwaedbualshbcubtes! tnble &0%ual  f at
feeds. The feed flowrate was 1 LHSV (active catal yst basis), w th about
10, 000 scitMaiohplE?? t OnkestdgeddDO. Proeess- paraf fin products obtai ned were
anal yzed by GC and the HDO efficiency was cal cul ated according to the

met hod dege | na BXArTRE Ssckhelfia) HRGI6F i-é&&t%fl%&sﬁ&@(? 8‘8@@%‘#&%‘ @LME}W

(beef fat), 58%for palmoil, and 66% for canola oll e  above

deser! L1 Bhaldyh SLAgfthpbite LEREBlrveRb el iAol AdaPedi
o5 1hose LIGESy, L0 Do AL, LG et LY 8] et SRt g

the same MoO3/NiO loading and surface area as the NiMo catalyst of

Example 1 and was sulfided according to the method described therein. The
reactor was operated at 700 F and 1,200 - 1,600 psig H2 pressure with both
vegetable oils and animal fat feeds. The feed flow rate was 1 LHSV (active
catalyst basis), with about 10,000 scf/bbl H2-to-feed ratio. The n-paraffin
products obtained were analyzed by GC and the HDO efficiency was
calculated according to the method described in Example 1. The HDO
efficiencies were 63% for tallow (beef fat), 58% for palm oil, and 66% for
canola oil.

[0035] From the above description, it is clear that the present invention
is well adapted to carry out the objects and to attain the advantages
mentioned herein as well as those inherent in the invention. While presently
preferred embodiments of the invention have been described for purposes of
this disclosure, it will be understood that numerous changes may be made
which will readily suggest themselves to those skilled in the art and which

are accomplished within the spirit of the invention disclosed and claimed.
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this disclosure, it will be understood that nunerous changes nmay be nade
which wll readily suggest thenselves to those skilled in the art and which
are accompbDi2etvadsesst hin the spirit of the invention di seCoASA08086805
clainmed. What is clained is: 1. A process for producing a hydrocarbon from
bi omass, conprising the steps of: providing a feed stream contai ni ng

bi omass having free fatty acids, fatty acid esters, or conbinations

t her eof ; ' eed streamin the presence of a first catalyst to
GBbt Rl Rryde

produce a bdeoxygenat ed stream and heating the parti aIIy
hydr odeoxygenat,ed st r |n the. presence of a second catalyst tq uce an
ef fl uent strea go?ﬁeg’ rpﬁlé'cﬁ&dﬁola%‘?@&ﬂrb% % I0FRRsSs QS’F“B‘T'%‘?‘

wherein the biopass i ncI udes vegetabl e oils, ani rral fats, restaurant
greases, Wa8PeOfindustrial frying oils, tall oil fatty acid, or conbinations
thereof. 3. The process of claim1l wherein the first catal yst is a |low

activity tprovisiema ifeadnstraam ¢onfdieing déewassfhaling nfr@evfatteiatidd)efatey al
is selected fromthe group consisting of nolybdenum copper, iron,

chrom um and boidgestens, &r cm@iRtsRSthedog! ai m 1 wherein the second
catalyst is binetallic. ‘6. The process of cl 'aim 5 wherein the binetal is
sel ected THeRfigNend AR stream in the presence of a first catalyst to produce a
partially hydrodeoxygenated stream: and
heating the partially hydrodeoxygenated stream in the presence of a second

catalyst to produce an effluent stream containing the hydrocarbon.
2. The process of claim 1 wherein the biomass includes vegetable oils,
animal fats, restaurant greases, waste industrial frying oils, tall cil fatty acid,

or combinations thereof.

3. The process of claim 1 wherein the first catalyst is a low activity

hydrogenation metal.

4.  The process of claim 3 wherein the metal is selected from the group

consisting of molybdenum, copper, iron, chromium, and tungsten.

5. The process of claim 1 wherein the second catalyst is bimetailic.
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consi sting of Nl Mo, CoMb, and NNW 7. The process of claimi wherein the
feed streamis heated to a tenperature in a range of about 600 to about
6500F. 8.wOheoyssesess of claim 1l wherein the partially rgarusdessoyegenat ed
streamis heated to a tenperature of about 5500F. 9. The process of claim1l
further conprising the step of: isonerizing the hydrocarbon of the effluent
streamto provide an isoparaffin. 10. A process for hydrodeoxygenati on,

conprlsmgthe i.n [ L] i nt | east efatty
al cohol an -Frt' TQ‘Ogénse(‘; (gf g@b@rg "ﬂhédleﬂ%‘?(‘gg’é@%%f %’%‘;tetdhﬁ%g? %ﬁ%&rF’“Bne
fatty al cohol nd t iester into at |east one hydrocarbon,
11. The pr%%'é% E?\Qﬁt’ﬂ éﬂaﬁ’n‘e he triglyceride is cracked in the
presence of a | ow activity catal yst 12 The process of claim 10 wherein

free fatty acids are converted to fatty al cohols and hydrocarbons in the
presence of a low activity catalyst. 13. The process of claim 11l wherein

the | ow activi thheapraicgss 06 dahecl edhiereim the @falipsteemsi 94 i neatet to a
nmol ybdenum copper, iron, chromum and tungsten. 14. The process of claim

10 wher ei drhpenitube @t Ry 8t Shod 60N ARMIttdSeF.

8. The process of claim 1 wherein the partially hydrodeoxygenated

stream is heated to a temperature of about 550°F.

9. The process of claim 1 further comprising the step of:

isomerizing the hydrocarbon of the effluent stream to provide an isoparaffin.

10. A process for hydrodeoxygenation, comprising the steps of:
cracking a triglyceride into at least one fatty alcohol and at least one diester;

and

hydrodeoxygenating the at least one fatty alcoho! and the at least one

diester into at least one hydrocarbon.

11. The process of claim 10 wherein the triglyceride is cracked in the

presence of a low activity catalyst.
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at | east one diester are hydrodeoxygenated in the presence of a high
activity catalyst. 15. The process of claim13 wherein the high activity
cat al yst we 2e@lumsised from the group consisting of N M, PCoNS200a/0868M W 16.
The process of claim 10 further conprising the step of: isonerizing the at
| east one hydrocarbon to at | east one isoparaffin.

12. The process of claim 10 wherein free fatty acids are converted to fatty

alcohols and hydrocarbons in the presence of a low activity catalyst.

13. The process of claim 11 wherein the low activity catalyst is selected
from the group consisting of molybdenum, copper, iron, chromium, and

tungsten.

14. The process of claim 10 wherein the at least one fatty alcohol and the

at least one diester are hydrodeoxygenated in the presence of a high activity

catalyst.

15. The process of claim 13 wherein the high activity catalyst is selected

from the group consisting of NiMo, CoMo, and Niw.

16. The process of claim 10 further comprising the step of:

isomerizing the at least one hydrocarbon to at least one isoparaffin.
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