HYDRODEOXYGENATI ON PROCESS STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH
OR DEVELOPMENT 0001] Not applicabl e. CROSS- REFERENCE TO RELATED APPLI CATI ONS
[ 0002] Not applicable. BACKGROUND OF THE I NVENTION 1. Field of the Invention
[ 0003] The present invention relates generally to a process which renoves
oxygen from bi omass, and nore particularly, not by way of limtation, to an
i nproved hydrodeoxygenati on process. 2. Brief Description of the Rel ated
Art [0004] Biomass is a renewable alternative to fossil raw materials in
production of liquid fuels and chem cals. Increase of biofuels production

is part of the governnent' HYDRQPEGXYGENAFTIGNPRALESS security and reduce

green house gas em ssions. However, nost bi omass has hi gh oxygen content

which lowers fuel_quality and heat val ue. Upgrading _biomass or bionass

't e medi at o5 | FEHHRMENT BBEARPING RERE Y SHaNsORED TSRt enoval o
oxygen. The bi omass oxygen may be iPEVHORMEMI of an ester, carboxylic acid
or hydroxyl _ar S. 0005]. Renoval of oxygen by catalytic reaction with
hydr ogen is[gtgﬁgﬂredN%’BaBE]'T'Rj:gg'odeoxygenati on (HDO). This reaction may be
conducted with conventional fixed-bed binmetallic hydrotreating catal ysts
such as sul fided nickel - mol ybdenum (N Mb) or cobal t-nol ybdenum (CoMd) which

are conmonly used in r€ROSS-REEERENODIPURELATHR2 APPEYHTAONS oi | s and ani mal
fats have several hundred

[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 i_h”\prove energy security and reduce
green house gas emissions. However, most biomass has high oxygen
content which lowers: fuel quality and heat value. 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! groups.



PPm phosphorus in the formof phospholipids. In addition, animal fats may
contain up to a thousand ppmnetal chloride salts. The salts are soluble in
the fat/grease feed, but come out of solution during the HDO reaction and
plug the catal yst bed. The netal s/salts can al so deactivate the catal yst by
reduci ng avail abl e pore surface. In the presence of free fatty acids, netal
chlorides may form sol ubl e soaps (e.g. calciumstearate). In such form
netals are difficult to renove using conventional cleanup technol ogi es such

as wat er washi [ 0Q07] Seyeral prior, art processes, for producing fuels
fromstarti Boﬁ%t]eri %eQJ(%’GXhOfSQ B8Rt Y afatalitraicactie Wﬁbv\fm‘d&‘gﬁf&r@i on of
vegetable oils to n-paraffins has been reported in the prior art. Sone
prior art h&&fesIeee ?ﬁ&ydfm%yéﬁ%%@w{)gé- apps ireactan Bravebe corductse

bi omass such as tall oil fatty acids, animal fats, and restaurant greases.
Hydr O sor neMitatdchwentiondle fixeg-brd | Haetalisahydrotreating | Sdplipter fSUshc agi esel
has been taught in the prior art. [0008] O her prior art describes use of

f eed treat nenfidegicleirmolybdanwpd NiMag ws cobaianalybdeneani{pid)f wbichrarg of
75%is reported. However no attenpt is nmade to I nprove the hydrocarbon

yi el ds by i nomessniing:seDin eefineriemcy. In fact the CO+002 yields reported are
as high as 15% (which is near theoretical maxi num decarboxyl ation (DCO),
suggesti ng YepP6low Hbe:faidd veesmp)e ofl @GR Stindl fEth davepsdveralahtndeaches
use of feed dilution to achieve better catalyst life. Solvent dilution is
used to | owepraphosgeorasdn tthafermtafrgmspholipils. exoaduition cakiB@l rfagc triayn,
which in turn reduces the heavy side products that are fornmed at high

t enper at ur ecanthin egugeaaabasast past metdlychiblagegeltst Nhd el aef salublét inon
reported for good results is between 3% and 20% This |evel of feed

di lution tramslfal/geedse Red| @t fdoafnbut BEsOARRN OuFiegaherHBOz@aatien and
separation/recycle costs. [0010] Use of pre-hydrogenation to saturate the
doubl e- bondglignthd1eataly harr iThe metdesartned 8o ddetivatd Ble aithlystianever,
this pre-hydrogenati on describes the well-known vegetable oil hydrogenation
process whi ¢hdl9Rs RAtHabEMEIe AMacXY U8 theASreBiSdl of Mieehitdifo86Rs) Wedts! | oad
on the rnain HDO catal yst is not affected by such pre-hydrogenation.

[0011] To t hifiopiads @xla;yhfwgh sBRBRESR88s qb.d.NCaleXin® tdtBSaRE). Uhl 5udE thAMESS
to produce biofuels, further inprovenents are desirable to increase HDO

efficiency, faduce-valtBtuPas triaﬁﬂ'oa/@r Y BnbEntidi 'S teRABIRNS %t%écfpw

capital/l ow operating cost nethod of renoving heat fromthe fiXed-
reactor system-ief valfifigss the problens with high add feeds (characteristic
of fatty acid caont gl?a(r%ﬁn “bi omass), which Inpacts preheater/reactor

e, TO90PIL e MSUGBLEA O, pksekOrq g e R SRy esent
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 diesei has been taught in the

prior art.



[0012]Fig. 1 is a schematic diagram of an operation of a hydrodeoxygenati on
process according to the present invention. [0013]Fig. 2 is a schematic

di agram showi ng an alternative enbodi mrent of a hydrodeoxygenati on process
according to the present invention. [0014]Fig. 3 is a gas chromat ogram of
Run 1 shown in Table Ill. [0015]Fig. 4 is a gas chromatogram of Run 2 shown
in Table I1l. SUMWARY OF THE | NVENTI ON [ 0016] Vegetabl e oils, aninmal fats,
and greases are glycerides (di- and tri-esters) with varying concentrations
of free fatt) i.ds (carboxylic acidsg). 00 ~The ideal triglyceride HDO
conversi on kﬁog‘é wn bﬁﬁﬁqﬁﬁgf GRt aiﬁ»‘?ra%r‘é‘lq 9%%‘%% frpatpgat HB@”%@%‘:?# BR is
acconpani ed by the DCO reaction shown in Equation (2). Since DCO involves

| oss of a cmﬁe@‘t’t@m vAve@liHpertige effidencyt RE 750ed$ repstedactiPygvers no
preferred for hi %h_hydr ocar bon yields. Furthernore, DCO generates CO2 arid
CO whi ch neéfefdthls reagr d@ frrpiavenshe dwdepearhgdr wghls, by hinsrearinhdive t he
cost of the HDO process. [0018]By conducting the I-1DO conversion in two
sel ective sefjpienayheln tciithedixtCon vidys tepnreed bahas bigh he 5% dmpialrisde i s
acconpl i shed. The two sel ective HDO steps involve: 1) cracking of the

tri gl yceri deeantiecereticslt maaincwhnodeandoxylaliies { BEO) Esuggdsbing(\Bty, lowndDQ)

hydr odeoxygenating the fatty al cohol and the diester to paraffins

(Equat i ons EHjcienay)(6)). (Equation (3) + Equation (5) Equation (6) =
Equation (1)). The first step uses a low activity catalyst such as M, the
second st ep [00G8G]r es Stileothér brighert amiches uge citfady sitistisnitd axbichel BditerThe
process uses two different types of catal ysts to achieve two selective FIDO
reactions. ThelydtriFe. SepedtDDuteacis wrdats bwsmerige bbe threrritairéy f@ci d

according to Equation (4). Equations: cH2-o-co-cms CH-0OCO C171123 + 15

Hz3 Ci aHaa th&ekstherMmitP@(A yeddtddn, QrHiéh in Bliih RAUCER the BeSB GHEHBducts
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-khown 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

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



CH-- OCOCrHas + 6H23 Cl TH2G3CO3(2) CH2 0- COaCl7Haa CH2- 0-CO Cl 7THaacH2 -
OCOCzHaz CH - 0-COCl7Haa 4. 4 H, G sHa20H + CH, + 140 (3)

cH2-0-00- C17Ha3CH o0-¢c0-C 7H23 (1, 3- anci 1,2-dresters) HQ CO C yHas 414
Cl8H2e + 2 H20(4) CH,- 0-00-017H33 CH2+ 1 0 H220, 8f1 28 +Cl1H38 + 411, 0(5)
CH2- 0-co-arH33 (1%-and 1, 2-di esterS) EtH370H1-12C181-1313 + H2.0(6) Note:
Oeic acidis shown as typical ratty add for all illustrative reactions.
It should be Understood by one of ordinary skill in the art that the fatty

B AR R BT Sl SR,
ond, Tor e Pagk: skd! el ocBu, SIRISLECINRY Srdedtl Mot
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pressuri zed, bi ofeed 103 j s, conbined with a recycl ed hydrogen stream 134
(conpr essed MENTIOD 1§ ¥t ssure) such that a combined reactor feed 104 is
heat ed through a feed-eff]luent heat exchanger 105 before further heating to
the desired reactor inl GREFBESSRIPIION G THEPRAYINGS0- 650F i n heat er
106. ‘A preheated feed stream 107 enters a first stage Hex) reactor 108. The
first stagelPBd2leacfis 108is saparhemakic hdiagrgh "iﬁgr@" c APREIH]N aPfinitha
inpregnated with a |ow activity hydrogenation netal. In addition to
al um na, si hivgecdeaxyaenaiam RteeRaBECOraing oS PERSEBhVENtIPRese, nay al so be
used. Suitable active netals for this type of catal yst include nol ybdenum
chrom um t I9§d3dn, Eppe?, imnd osdhematiq ofiegramp SH@BYINY| |BY aHeMBIE t he
periodic table, as fully reduced nmetal or nmetal sulfide. Since the first
st age HDO r eathasiime0B efc@s hygdradeoyyaethticnqiroress Gecerdsed dud the ageseilo
reactor, provisions for mtigating fouling are made by using | arger-size,
hi gh voi d cénang®ins. One exanple of a catalyst that nmay be used in the
first stage HDO reactor 108 is TK-709 commercially avail abl e from Hal dor
Topsoe. The [08aek]i on Fighixis apgesiceramatogearti ofsRurs tlaapewiDO Tazetli. 108
converts the fatty acids to paraffin 7

[0015] Fig. 4 is a gas chromatogram .of Run 2 shown in Table III.

SUMMARY OF THE INVENTION

[00186] 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 CQO; and CO which need to be removed from

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



(Equation (4)), while cracking the triglycerides into fatty al cohols and

smal l er esters (Equation (3)). [0020] The effluent 109 of the first stage

HDO reactor 108 is cooled through a feed-effluent heat exchanger 110a. A
cool ed stream 111 contai ns hydrocarbons, fatty alcohols, and esters in

l'i quid phase, and hydrogen and water vapor in gas phase. Additional water
is introduced to wash the salt deposits that are forned upon condensati on
of water. The two phase cooled stream 111 is cooled further in air cooler

110b to con e.all water ter, organic |liguid, and drogen-rich vapor
are separ at ggaﬁﬁla t FYegor Egséﬁa%ﬁrma}’%ﬁqﬂﬂ t[”@oé% WYGE SEERS: 1Rt v
acids converted in the first stage HDO reactor 108, the netals not trapped
in the cataldRs Eguationfdot CHVEEIR ol Hig BloVrenidel iuATeomPiResr e dwid 113c.
A hydrogen rich vapor phase 113a fromdrum 112 is recycled to the HDO
reactors. ASBEctivalHDOhpnsdBQNREnad edackingi of theurictycesdsi héa o fokty
recycl ed hydrogen 135. A conbined stream 114 is heated in the heat
exchanger 12{Fehpbfodea dhieser f§quatiert §3H, sirugd) HyOredewtygenating dheaBoin

550F. Since the fatty acids were converted in reactor 108, the heat
exchanger 1a@whahand ke sirsteite papsfiMDEquedvner(5) BdnEdd. {egustonlé3) gned
for acid service. The remai ning oxygen atons in the fatty al cohol and

di ester i nt Egoetoat(®)ateEqemibved6yi-a Fyditioge D))y siTheofiest sepi ustsah| ooy

catal yst, such as sulfided Ni Mo on alum na in the second stage HDO react or
116 (Equat i entvifp cataigst(€)ch. aOMgrtheaterbyd tssers wetjaibés uberof Udghemactivdget or
116 include sulfided CoMo and Ni Mo on supports such as al urnina, alum num
phosphat e, satalgsts soch @znbiMmt Thaprobessendes D AR b tgus drichtalystom ed in
t he heat exchanger 105. A cooled stream 118 contains n-paraffins in liquid
phase, and wehieve twdlrsegetiveaMb@®r@aatiénd.n VBOirsphéaee. HDIONwegktisd arapor
are separated in a drum 119. A vapor stream 120a is coated in an air cooler
122 to condepagcrtdend FrebtfaltydHos ataamd toequitidig(4gy.opane) and water. A

t hree phase stream 123 is separated in a drum 124 into a hydrogen-rich
vapor streamglgfens:a paraffin product stream 125b, and water 125c. The

wat er i s conbi nedetbleokdX:wat er 113e fromreactor 108 and sent to offsite
wat er treat ment f@{,g&g{gp%dusggéaL;*Pa@@LRhm4gﬁpdqgggstreaqg 1200 and 125b
may be conbi ned i} 90§E§§Q§Ie stream 126. The n-paraffins in stream 126 nay
be hydroi someri zed ‘to 1soOparaffinic diesel and/or hydrocracked to

i soparaffinic ker@teﬁ@gﬁeﬁafuel. The LPG and napht ha co-products may then
be separated. A fexed-coegHreactnr s | arctp idie, HDXXa,eact or & descri bed
herein may be usaﬁhtghonygéoisonerization/hydrocracking. Sui tabl e catal ysts
include Goup VI1I1B netals such as platinum palladium and nickel on

anor phous or crystklolavecsidpports such as al ugiheg-chbixari ded al um na,
silica, ferrieriteq -698d2, ZSN2L _SARG: AL, . arg, SAPO 31.,[,80381The desired
hydrogen concentraligiddfgd recycle treat gas¢ 33, mgy e reached by purging
(stream 127) some of the recycle hydrogen and feplaGkdd that w th nakeup
hydr ogen (strean1lgg). To reduce the purge/recycle ratio, hx&rogen-rich
vapors 121 may be Pé%%%%@d‘yﬁrougﬁ’acﬁﬁ?iTi%%@ion unit 129. "Tnpurities
such as hydrogen sul fide, ammoni a, carbon di oxi de, and carbon nonoxi de
present in recycl@ttPé&tCYas 128 are thus renpved in unit 129 to provide
high purity hydrogen treat ga®Hi30—for2Hb@ t@bct i40h0 Scrubbef® (absorption
col umms) are comumly-oosee:sfor this application. Makeup hydrogen gas 132 is
pressurized in compraeggdest®3la and conbined with treat as 130 in recycle
conpressor 131b to preyjde the treat gagHor+ Hge HDO react or g

[0024] Referring to Fig. 2, shown therein is another enbodi ment of the

oper at i on of¥cteheOlgicorcissis shewn paltynical fattycasior ide al dlugliratiyetrazctipnsy o Htshouid e
descri bed hépocdcRegne ohapdinart s sha a1 Hatuibedaliy pddcagaogiiso Pauyeyr 108
h 0 S ~ a a > v <) N O H -3 ,-

i s not recovregeRy-llised socks QLdierRuL el st ead, water vapors from both HDO

reactors 108 and 116 are conbi ned as vapor stream 12la for condensing in
the single air cooler 122. Al though a | ower capital cost enbodi nent, the
water soluble salts are not renmoved with2inter-stage water effluent.

Modi fications may be nmade to the two-stage HD process to account for
changes in feed quality as showmn in Fig. 2. For exanple, if the feed is
deficient in organic sulfur, a sulfur agent must be introduced to keep the
catalysts In the sulfide state. As anot her exanple, hydrogen quench may be
enpl oyed to reduce the tenperature rise across each bed. Additionally,
renoval of water between the two reactionS stages provides an effective
means of renoving reaction heat and decreases water partial pressure (and



I ncreases the hydrogen partial pressure) which is known to increase
catalyst 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 HOG process. [00251The two-step HDO process sol ves ot her process
needs not met by a single stage adiabatic fixed-bed reactor typically used
in the prior art. The two-step process provides an effective way of

renovi ng heat fromthe exotherm c HOC conversion, reduces water parti al
pressure, and prevents contam nants from deacti vating/ pl uggi ng the high
activity catal yst bed. Furthernore, by selectively converting the free
fatty acids in the fi DETAILEDR DESTRERTIGN ADTHE INVENTION ve | oad on the
second stage HDO reactor 116 and catalyst is elimnated. [0026]1n order to
further ill (0DA80e t Refarriogenw itnvbatdrewingsh earidomarai pagtiex @yl @sFigr d,gi ven.
However, it is to be understood that the exanples are for illustrative

pur poses onkkhoandharaenrista sahdeatbont theegesatidn of thagredesssoaqueondanche

subj ect invention. EXAMPLES Exanple |. Two-Stage HDO Process [0027]A

bl end of br omth tiepsesenydhlenti@r easiascrbead threyeiol | A biofesdatliodn cgnidsieg and

| ard was prepared. The fatty add profile of the blend is summarized in

Tabl e |. Ad¢itty carls sHdyeerhitgacid actardi Ropleseerifaat toy babvebrmabdooonjz0t-nant s

concentration, are listed in Table Il under the heading "Feed," Table I.

Fatty Acid BDisdo pbigt ising Qurfneadst opkprleatiiz4Hl Biobedt 10814 ddnibifed it 20. 1
recycled hydrogen stream 134 (compressed to the same pressure) Such' 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



Cl6:0 21 C17:0 0.3 018:0 8.5 C20:0 0.6 C22:0 0.1 014:1 0.2 C15:1 <0.1 C16:1
4.4 C17:1

(Eduation‘ (4)1)_,» while cracking the triglycerides into fatty alcohols and
smaller esters (Equation (3)).

[0020] The effluent 109v of the first stage HDO reactor 108 is cooled
through a feed-effluent heat exchanger 110a. A cooled stream 111 contains

hydrocarbons, fatty alcohols, and esters in liquid phase, and hydrogen and

deposits that are formed upon condensation of water. The two phase cooled
stream 111 is cooled further in ajr 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 metails 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

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



0.1:C18:1 42.4 018:2 19,2 C18:3 1.1 020:1 0.8 C20:2+ 0.2 Table IL

Performance of First Stage HEX) Reactor (Note a) First Stade HDO Reactor
Tenp Feed :

reactor 116 include sulfided CoMo and NiMo on supports such as alumina,
aluminum phosphate, silica, or combinations thereof.

[0022] Effluent 117 is cooled in the heat exchanger 105. A cooled
stream 118 contains h-paraffins in liquid phase, and water, hydrogen, and
propane in vapor phase. Liquid and vapor are separated in a drum 119, A
hydrocarbons (including propane) and water. A three phase stream 123 is
separated in a drum 124 into a hydrogen-rich vapor stream 1252, a paraffin
product stream 125b, and water 125¢. The water is combined with HDO
water 113¢ 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 iisoparafﬁnivc 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
‘hydrOisamer.izat’ion[hydfocracking. 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] Th,.e desited 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



500F 600F 650F Product Analysis Acid nunber(nmg KOH q) 72.3 37.9 5.34
1.65 W& Unsaponifiables 1.26 7.35 57.2

purge/recycle ratio, hydrogen-rich vapors 121 may b‘_e, processed through a
purification unit 129. Impurities such as hydrogen sulfide, ammonia, carbon
dioxide, and carbon monoxide present in recycle treat gas 128 are thus
removed in unit 129 to provide high purity hydrogen treat gas 130 for HDO
reaction. Scrubbers (absorption columns) are commonly used for this
application. Makeup hydrogen gas 132 is pressurized in compressor 131a
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 sfream 121a for condensing in
the single air cooler 122. Although a lower capital Cost embodiment, the
water soluble salts are not removed with inter-stage water effluent.
Madifications 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



79.1 % Free fatty adds 38.05 19.95 2.81 0.87 A Triglycerides (Note b) 58.48
56.73 16.5 0.851 I CP Analysis (vvppm l ron

increases the hydrogen partial pressure) which is knowh to increase catalyst
stability. It should be understood by one of ordinary skill in the art that such
modifications are within the spirit of the inventive two-stage HDO process.
[0025] The two-step HDO process solves other process needs not met
by a single stage adiabatic fixed-bed reactor typically us"ed in the prior art,
The two-step process provides an effective way of removing heat from the
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. |

[00261 In order to further illustrate the present invention, the following
axamples éregriven‘ However, it is to be understoad that the examples are
for illustrative purposes only and are not to be construed as limitind the

scope of the subject invention.

10



142 -42.7 25.1 26.5 Phosphorus 193 31.6 91.3 75.9 Goup |-i-Tl netals 987
358 439 508 Byroduct yields (wt %

EXAMPLES

Example 1, Two-Stage HDO Process

[0027]

A blend of brown grease, yellow grease, poultry oil, floatation

grease, and lard was prepared. The fatty acid profile of the blend is

summarized in Table I. Additional properties, including free fatty acid and

contaminants concentration, are listed in Table II under the heading “Feed.”

Table I,

Fatty Acid Distribution of Feedstock (wt%)

{c1z:0

0.1

Ci4:0

0.9

C15:0

0.1

Cl6:0

1

€17:0

0.3

{C18:0

8.5

{c20:0

0.6 .}

C22:0

0.1

Cl4a:1

0.2

Ci5:1

<0.1

C16:1

4.4

C17:1

0.1

C18:1

42,4 |

C18:2

19,2

Ci8:3

1.1 |

C20:1

0.8

1c20:2+

0.2

11



Wat er

1.23 5,58 6.6 CO---- 0.23 0.45 0.72 C&2 0.0 0.15 0.70

Table 1I. Performance of First Stage HDO Reactor (Note a)

First Stage HDO Reactor Temp
Feed 500°F |600°F | 650°F

Product Analysis
Acid number(mg KOH/g)| ~ 72.3]  37.9F 5.34| 1.65
% Unsaponifiables _ _1.26]  7.35] 57.2| 79.1
% Free fatty acids 38.05] 19.95| 2.81] 0.87

% Triglycerides (Note b) | 58.48] 56.73| 16.5 0.851

ICP Analysis (wppm)

Iron _ 142 az.7 25,11 26.5
Phosphorus 193]  31.6 91.3] 75.9
Group I+II metals 987 358 439 508
Byproduct vields (wt %) v ,

Water - 1.23] 5.58| 6.6
Co ' I 0.23] 0.45] 072
02 ' — 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 rhesh 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.

[0029] 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.



Notes: (a) Al runs at 1600 psig pressure, 2 LHsv feed rate, and 7,500
scribbi gas-to-oil ratio (b) GC retention tinme 2225 mtt [0028] A 100 cc
pilot plant reactor was filled with a bottom bed of |ow activity nol ybdenum
oxi de catalyst and a top bed of Inerts. The bottom bed consisted of 28.2 g
TK-709 catal yst from Hal dor Topsoe (ground and sieved to -20+100 nesh size)
and 37.8 g of inert glass beads (-70+ 100 nmesh). The top bed was 19.2 g
TK-30 al um na inert reactor topping nedia from Hal dor Topsoe and 25.2 g

gl ass beads. |:0029j The nol ybdenum catal yst was sul fided by di nethyl

di sul fide d.DQH?éHl i n et F%@CIV d%%wrmedditﬁwg hs e gigpCtPie alrad@ Qi MskliNE di ng
tenperature was 700 F at which the reactor was held for 16 hours. The
react or was RrBeHreodiile demperstureomag ramisdy dat targek| cendifiong fori g d
flow was at 2 LHSV (active catal yst basis) and hydrogen flow at 7, 000-8, 000
scf/ bbl t hr @&xPesmenthiThesigst canditjoas and aeali{sarcdswaknarizegdnilable II[. 0030] The
feed was punped through the reactor at 1600 psig H2 pressure while

t enper at ur e MEB¥lanpddtet dropaingatid cumdber sugdasts torvarsiper ofrae faBpendidsst
conditions and results are summarized in Table Il. [0031] The drop in acid
nunber suggesadingonveiowi OF0GAF farek Fatdallyactadspietafl dt ngs5beFow S50@F gaxd
virtually conplete at 650F. The as chronmat ogram (GC) of the reactor product
stream i ndi chiresiabmyphet @Corfetisd oeacfort peodudtgkyrean dedixbitéebtompiard her
anal ysis using GC-M5, GC with a paraffin-ol efin-al cohol standard, and FTIR
spect r oscopyopeafdigrimed thdatigtyrerige atuss R Furihel Weahistke ueRigvecsmen ger e
fatty al cohols and di esters. [0032] The product of the 600F and the 650F

conver si on niifis @heirarfinesrAaosTB MR dstaRdakts edndSFTIRe dpé&rastdipe todfdPn&s
reactor. The reactor contained a Ni M catal yst and was suffided according

to the procegHf ehedpssluicRedr 88V ldd cfbrivlérﬁoﬁwr@IfgttyE\l&rrdwsnafméyté.fser ent

t enperatures and space velocities were conducted and are sunmmari zed

Table 111, [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 temperatures and

space velocities were conducted and are summarized in Table II1.

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

1 o Run1 | Run2

LHSY (hr'ly ' 3 1.5
WABT (F) , 680 700
|gas~-to-oil ratio (scf/bhl) 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 1606 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



} Table I'll. Performance of Second Stage HDO Reactor (Notes a, b) Run 1 Run
2 LHSV (hrl) 3 1,5 WABT (F) 680 700 gas-to-oil ratio (scfibbi) 16,000
10, 000 Specific gravity 0.805 0.795 Water yieldt %

little C17 fatty acid in the triglyceride/fatty acid feedstock, all n-C17 must be
formed via DCO.) The HDO efficiency was thus calculated to be 80%.

Example 2. One-stage HDO Process

[0034] A 100 c¢ isothermal tubular reactor was filled with 80 cc of NIMo-
on-alumina catalyst pellets (commercial catalyst from Catalyst Trading
Company, Ltd., Houston) and +70-100 mesh glass heads. The catalyst had
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 ¢ils 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' Wwas.
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 carfy 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 fo those skilled in the art and which

are accamplished within the spirit of the invention disclosed and claimed.
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4.6 7.8 Notes: (a) Reactor feed conposite of first stage HDO reactor from

600 and 650 F (see Table 1) (b) Both runs at 1600 psig pressure [0033]Run 2

resulted in conplete conversion to n-paraffins, as suggested by specific
gravity and GC (Figure 3), The HI DO efficiency was cal cul ated by ratio of
n-Cl8 to sumof n-Cl7 and n-Cl18. (Since there is very little Cu7 fatty
acid in the triglycericte/fatty acid feedstock, all n-Cl7 nmust be forned
via DCO.) The HDO efficiency was thus cal culated to be 80% Exanple 2.
One-stage HDO Process [01334]A 100 cc isothei rnal tubular reactor was
filled WpHu:89 climel il Mo- on-al um na catal yst pellets (comrercial catalyst
from Catal yst Tradi ng Conpany, Ltd., Houston) and +70-100 nmesh gl ass beads.
The catal yst had the sane Mb03/ N O | oadi ng and surface area as the N Mo
catal yst of Exanpheplocdid faRSprodutinded Re@Rtaitth Fidnh sloRRisBO dofgsiedinged

t herein, The reacto?&%as opeﬁ%ted g@ 700 F and 1,200 - 1,600 psig H2 8
pressure '%@ Qb vegetable oils and animal fat feeds. The feed flow rate
was 1 LH active catal yst basis), with about 10,000 scf/bbi H2-to-feed

rati o. The n- f 0 j : 4.h
it oi ency wi3ouod s HEEaERbRRIe M0 MABRIERE e BiefREide Faly )
The HDO effi ci enci es, %A)%re 63%foh. tgl I owhébegf fat), 58% for palmoil, and
66% f or canol a oi P© ( §5ﬁ’lf)rro"?ﬂm 0aLRRY ANgElt | ption, it is dear that the
present invention is | | adapted to carry out the objects. and . to,attain
the advant agdieaiig fasmieechaienm & the Aresenea gt e mengrasielioMaNPISRHER: i on.
While presently preferred enbodi nents of the invention have been descri bed
for purposes of tKa&IstsE Rraguse g paikially edrgdaexrgenated pifeaiinéndus
changes may be made which will readily suggest thenselves to those skilled
in the art arteatng tharpardicdiynpyderdepxyiogenated Iseregpn rint the pnesenes eaft Pon
di scl osed and clainmed. What is clained is:

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 oil fatty acid, or

combinations thereof.
3. The process of claim 1 wherein the second catalyst is bimetallic.

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

group consisting of NiMo, CoMo, and NiWw.

5. The process of claim 1 wherein the feed stream is heated to a

temperature in a range of about 500°F to about 650°F.

6. The process of claim 1 wherein the partially hydrodeoxygenated

stream is heated to a temperature in a range of about 550°F to about 700°F.
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1. A process for producing a hydrocarbon from bi omass, conprising the steps
of: providing a feed stream containing biomass having free fatty acids,
fatty acid esters, or conbinations thereof; heating the feed streamin the
presence of a nononetallic nol ybdenum catal yst to produce a partially

hydr odeoxygenat ed stream and heating the partially hydrodeoxygenated
streamin the presence of a second catalyst to produce an effluent stream
cont ai ni ng the hydrocarbon. 2. The process of claim1l wherein the

bi omass i ncl uges ‘Tﬁ@%r@@s@s Qﬂ:l%imalnfmlltelféérﬁprléﬁ*@t@térﬁ@ & eases, waste
i ndustrial fryi ng oil's, tall oil fatty acid, or conbinations thereof.

3. The process, gl 6l Al Wk ma::gtbtotse ‘tﬂ@dlta?fﬂ}&tty§tréa§nb FEAiE: a

4. The process of ern the metal 1s selected the group
consi sting of N My s gol\/& and Ni W 5. The process of claim1 wherein
the feed stream i SHWEFEd to a tenperature in a range of about 500F to
about 650F. 6. The process of cI ai m 1 wherein the partially

hydr odeoxygenat ed ,s e of about
S50F to_ abouts700f PEEESS B #ﬁ@‘o%%g et SRRE T < 1 ne
step of: isonerizing carbon f the ef fl uen rovi de an
i soparaf fin. Crgd%'ﬂgp?ot(f@\é risfe G 8838%%%& 2k LC(S%J& an@g IEaStstOQSs of :
cracking a triglyceride into at | east fpne f at trx al cohol %gd at %\st one

diester in the presence of a monometallic molybdenum ca alyst;

and

hydrodeoxygenating the at least one fatty alcohol and the at least one

diester into at least one hydrocarbon.

0. The process of claim 8 wherein free fatty acids are converted to
fatty alcohols and hydrocarbons in the presence of the monometallic

molybdenum catalyst.

10. The process of claim 8 wherein the at least one fatty alcohol and
the at least one diester are hydrodeoxygenated in the presence of a high

activity catalyst.

11. The process of claim 8 further comprising the step of:

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

12. The process of claim 1 wherein the monometallic molybdenum

catalyst has low hydrogenation activity.

13. The process of claim 1 wherein the monometallic molybdenum

catalyst is supported on a high pore capacity alumina.
16°



diester in the presence of a nononetallic nol ybdenum catal yst; and

hydr odeoxygenating the at | east one fatty al cohol and the at |east one

diester into at |east one hydrocarbon. 9. The process of claim8
wherein free fatty acids are converted to fatty al cohols and hydrocarbons
in the presence of the nononetallic nol ybdenum catal yst. 10. The
process of claim8 wherein the at | east one fatty al cohol and the at | east
one diester are hydrodeoxygenated in the presence of a high activity

catal yst. 1l34 Thengar 8e6ssssObf i B WHEFIRT tHOTFbh&ATMa liBenidlPid&um
isonerizing the at |east one hydrocarbon to at | east one isoparaffin.

12. The i [P lj t has
ow hydr SR e ol oY Jgpst 4866t BobADAEAMBLAS drfdt BROJAEISTHARETLE, o
nononet al ] i ¢ _nol ybdenum cat al yst is supported on a high pore capacity

al um na. ' 14. The process of claim1 wherein the nononetallic

nol ybdenum cat al yst renoves at | east about 50% of the netals and phosphorus

o Lo A" aeesa bl AR S PR B A e
16. T . i i i i
16, T Bh8SES S Paiaayafie moroTeral 1 ol yodenum catal yst 1

16. The process of claim 8 wherein the monometallic molybdenum

catalyst is a low activity hydrogenation catalyst.
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