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WO 290411)61) 836 PCT/ US2003/ 036896 1 PROCESS FOR THE PREPARATI ON OF LI NEAR
ALPHA- OLEFI NS FROM SYNTHESI S GAS OVER A COBALT CATALYST LI NEAR ALPHA

OLEFI NS FROM NATURAL GAS- DERI VED SYNTHESIS GAS OVER A NONSHI FTI NG COBALT
CATALYSTWBAGKGRSEND OF THE DI SCLOSURE FI ELD OF THE | NVEd\TUSNo3/@8k] The
invention relates to producing Ii near al pha ol efins fromsynthesis gas over
a cobalt catalyst. Mre particularlylthe invention relates to producing
C4-C20 |inear al pha olefins having | ow anbunts of oxygenates, by reacting H2
| and COPRACESSS FOR ITHE | EREBRRATIPH cRFc EENFAR oMY VAL R BAITNE S50 OV BYTHES T, 728 HiVER| ng
cobal t Ac&PRHLFsEAREYERacti on conditions of tenperature, % CO conversion,

H2: CO nole ratio and water vapor pressure effective for the mathenmati cal
expressi on of RINEARCAEPHA WIOBPHYS FRONMNATURIHKIACHDEBIVEYE a nuneri cal
val ue great eiSYNFTHEIIS @A4%OVIER 20NONS HIFFAINGCOBUIIT WATALN ST a

Fi scher - Tropsch 'hydrocarbon synthesis process produci ng fuel's and | ubricant
oils. BACKGROUND COF THE I NVENTI ON [ 0002] Linear alpha olefins in the C4-C20
carbon atom range are | ar ge_vol ume raw materials used in the production of,
for exanBACKLGROAND OFAHEJARGLOSURE | cants and PVC pl astici zers. The
demand for these olefins is rap| dly increasing, particularly for those that
have fr orpFIELIPORTHE RPOVEAM T such as six and eight carbon atom |inear

al pha ol efins desirable Tor maki ng polyolefin plastics. Mst |inear alpha
ol efins are produced by ethene oligonerization, for which the ethene feed
cost can [OOGP}Jnt Theinvatidniefiled ] proli€inkQidar 6pHa dlefihd ronpbyitReqts ef i n
production. I's known that al pha ol efins can be produced from synthesis
gas usi ngasmar aicobalt catabyst., Morerpacobdhtly sipgs nelentionpplatespoprodedngobal t  and

cobal t manganese spinel catalysts, nost of which are shifting catalysts.
C,-Cag linear alpha olefins having low amounts of oxygenates, by reacting H,

and CO in a synthesis gas produced from natural gas, over a non-shifting cobait
catalyst at reaction conditions of temperature, % CO conversion, H,:CO mole
ratio and water vapor pressure effective for the mathematical expression of 200 -
0.6T + 0.03Py0 - 0.6X o - 8(H,:CO) to have a numerical value greater than or
equal to 50. This ¢an be integrated into a Fischer-Tropsch hydrocarbon

synthesis process producing fuels and lubricant oils.

BACKGROUND OF THE INVENTION

[0002] Linear alpha olefins in the C4-Cyg carbon atom range are large volume
raw materials used in the production of, for example, polymers, detergents,
lubricants and PVC plasticizers. The demand for these olefins is rapidly
increasing, particularly for those that have from 6 to 12 carbon atoms, such as
six and eight carbon atom linear alpha olefins desirable for making polyolefin
plastics. Most linear alpha olefins are produced by ethene oligomerization, for
which the ethene feed cost can account for more than half the total cost of the
alpha olefin production. It is known that alpha olefins can be produced from
synthesis gas using iron, iron-cobalt, iron-cobalt spinel, copper-promoted cobalt
and cobalt manganese spinel catalysts, most of which are shifting catalysts.
Examples of linear alpha olefin production with such catalysts may be found, for
example, in U.S. patents 4,544,674; 5,100,856; 5,118,715, 5,248,701, and
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Exanpl es of linear al pha olefin production with such catalysts nmay be found,
for exanple, in U S patents 4,544,674; 5,100, 856; 5,118, 715; 5, 248, 701,
and WO Zaélﬁ) ‘ '?gp% 6 PCT/US2113/036896 -9 6,479,557. U S. 6,479,557, for
exanpl e Loy a two-stage process to nmake paraffi REEURSWIB¥Ebons in
the first stage and ol efinic hydrocarbons in the second stage. The
paraffinic product is nade by converting a substoichionetric synthesis gas
feed (i.e., HL/CO feed ratio | ower than about 2.1:1) over a non- shifting
catalyst in the first stage. Since the H2/CO usage ratio is stoichionetric,
the effluent of the first stage is significantly depleted in CO Thi s
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hi gh aIp even at

undesi ra@f’ﬁa‘“@ﬂ@p:ﬁ@ﬁirﬁbbﬁédﬁ&@@ha@ﬂbgo ctmregimlbéloﬁcm&mem catal ysts
wast es part (as inch as"50% of the feed by converting COto CO2.

Fur t her meymthesisgaadeid {ien, Itld(]@ fredaatibdewedtimnt abcat €. Wwd) evergmaoshi f t
conversion of COto CO2, _iron-based catal ysts produce |inear. al pha ol efins
cont ai ni 6hiftiBg eatakyst in thenfirst stags. Sunga b HxC Ebuwg%r@%%éﬁml@lyomm@e

Ubtt cante FBieRoPEeaist FBREE: SeRicaBRE el if b o HELSURal B5iust be
reduced Al VSl APRER! ARk L ofe BAL YUBFocAPlod HEGE SERU PEOEUEL Lo, The

nmet hods e oxXxygenates are coS alysts and

processeghbﬂ,ﬁh@,Megﬁgbgbhma@ﬂygg s wi th | ow oxygenate content is highly
desi red. [000’21 It would be an”inprovenent to the art if a way could be

found to (i) produce linear alpha olefins with | ow oxygenates | evels and
particul 0603 t Rlthbhgh 11%nfl§!f$e§ Rhiftihp @adsé peddiRehyar6éLbeM Frofh

non-shi fting Fischer-Tropsch hydro- carbon synthesis catalyst that is also

useful f eynthysis lpas matinhighudphaoktfindomtesrevenidt high CO conversion levels,
the undesirable water gas shift reaction associated with shifting catalysts wastes
part (as much as 50%) of the CO feed by converting CO to CO,. Furthermore,'
in addition to high CO loss due to the water gas shift conversion of CO to CO,,
iron-based catalysts produce linear alpha olefins containing more than 1 and
even as much as 10 wt% oxygenates. These oxygenates are poisonslto catalysts
used for producing polymers and lubricants from olefins. Hence, the concentra-
tion of oxygenates must be reduced to a level acceptable for polymer and
lubricant production. The methods used for removing the oxygenates are costly,

thus catalysts and processes yielding olefin products with low oxygenate content

is highly desired.

[0004] It would be an improvement to the art if a way could be found to (i)
produce linear alpha olefins with low oxygenates levels and particularly with (ii)
a non-shifting catalyst and preferably a non-shifting Fischer-Tropsch hydro-
carbon synthesis catalyst that is also useful for synthesizing fuel and lubricant oil
fractions. It would be a still further improvement if (a) linear alpha olefin
production could be integrated into a Fischer-Tropsch hydrocarbon synthesis

process and (b) if a hydrocarbon synthesis reactor employing a non-shifting



fractions. It would be a still further inprovenment if (a) |inear alpha
olefin production could be integrated into a Fi scher-Tropsch hydrocarbon
synthesis process and (b) if a hydrocarbon synthesis reactor enploying a
non- shi f WhZPpyiEseB161114/ 0611836 PCT/ US21103/ 036896 -3 FrETHsneFemgsich

hydr ocar bon synthesis catal yst and producing fuel and l|ubricant oi

fraction hydrocarbons could al so be used for l|inear al pha olefin production,
and vice-versa, wthout having to change the catalyst in the reactor
SUMVARY OF THE | NVENTI ON [ 0005] The invention relates to a process for
produci ng |inear alpha olefins, and particularly linear alpha olefins
having fromfour to twenty carbon atons, @ having | ess than and. preferably
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| ess t hakischirobreR§ejehydresarbep syathesisfgtalyst andpreducing fogbangl Ribsikaat of a
-shifti Fi -T h h b nt hesi t al yst i Si
Catalyti OLEBHET BoinbheDs SaHEASs Bacsrs i Ridta s Qe Rl i o> " °
Condi ti : : : , | Condi ti Fact
oot | nayBaGteet biflofFh8vink 18 Me M Tpd Qi g oML L o T

average reactor tenperature in C, the average reactor tenperature is

cal cul at S&gmgwwmm\ﬁﬁﬁ%t ure readings fromthernocoupl es
measurin ' i dual segnents of the reactor. For
exanple, if the tenperature is nmeasured in the mddle of the first, second,

and thi r doGia! - YRk HiFemtioA TR ?srlg)f% ?ro{c%@%efbr%?g?ﬁcﬁﬁgtﬁ@%ar §1Bfa ofefRis29e

tenperature 1's equal to one thi e sum ree” readings. Palo =
partial phagREReulaflyliearaliphh oléTind ey fioes feurdasweagdcirboh Rfomg.eact or, in
kPa; the partial pressure of water in the feed is calculated by multiplyin
t(he mol thasoty less dfanvihted prafetaby fesethdmyl wt% oxygenates, by reacting Ho,

g

and CO, in the presence of a non-shifting Fischer-Tropsch hydrocarbon
synthesis catalyst comprising a catalytic cobalt component, under reaction
conditions defined by a Condition Factor (CF) greater than or equal to 50, which

Condition Factor is defined as:

CII-“' =200- 0.6T + 0.03Pyz0 - 0.6X o - 8(H,:CO)
where,

T = average reactor temperature in °C; the average reactor temperature is
calculated by averaging the temperature readings from thermocouples
measuring the temperatures of individual segments of the reactor.
For example, if the temperature is measured in the middle of the first,
second, and third equal-volume segments of a fixed bed reactor, the
average temperature is equal to one third of the sum of the three
readings.

Puso = partial pressure of the water in the synthesis gas feed to the
reactor, in kPa; the partial pressure of water in the feed is
calculated by multiplying the mol fraction of water in the feed by
the feed pressure measured in kPa. The mol fraction of feed
components can be determined by, for example, using gas

chromatographic methods.



the feed pressure nmeasured in kPa. The nol fraction of feed conponents can
be determ ned by, for exanple, using gas chronmatographic nethods. WO
21104/ 060836 PCT/ US2003/ 036896 -4 Xco = CO conversion expressed as percent;
the CO cOYR&MIH3Can be determined fromthe CO bal ancBCT/SaMN8/034886 nany

met hods available for establishing material bal ance. The nethod herein
utilized nmeasurenents based on an internal standard such as a noble gas or
nitrogen that is inert during Fischer-gropsch synthesis. Wen using an
inert internal standard, the conversion can be sinply cal cul ated by
measuring the concentrations of CO and the internal standard in the feed

and the effluent. This and . other cal.cul ation Srgt(géds are. well known in the
art of cheni cakco Ef¢P FOBVETSIPN PECSSEHASTEIERN D CODVETRIOR fRN PRer t

internal standard in turn,can he rim ne V988 chromat.ogr aphi ¢ net hods
known in the art. ,ﬁtwgeﬁr%ﬂ&ﬁﬁ%ﬁﬁﬁnﬁﬁﬁ rie%:?ﬁxéarg,fywp Ss gas feed to
the reactor; the CRRASHIEIS}baaRIinknABH (Kb "Pné fRAnGR ks, det erm ned
by gas chromatographi c nmethods. P %F %y nonshifting I's meant that under

the reaction condi tufliyedth€asepiraéms based bh apanteendl starbird bach hsand
preferably less than | nole % of the COto CO2 up to 90% CO conversion in

Fi scher-Tropsch symidbdsgas omm¢rogeotbat iotyeredatieg Hischerdanpsethe wt % of
oxygenates in the total synthesized C4-C20 hydrocarbon fraction, and by
oxygenates i s neantSy8iggsn-VWHeER ASNERN Heak péemabHangardctheconversion as

| cohol s, al dehyd i d t t . th Th f th
"nventi on has been PBGRERBIETUGHRe B R R St PR B S contai nt
ing more than 50 Wil th8&AEnih BARAKEH BR 1808 ah& e LifRRnE Thio AL er abl y

| ess
other calculation methods are weli known in the art of chemical

- 'ervlugi_ne_éﬁné: The concentrations of CO and the inert internal
standard in turn can be determined by gas chromatographic
methods known in the art.

H,:CO = H, to CO molar ratio in the synthesis gas feed to the reactor; the
concentrations of H, and CO in the feed can be determined by
gas chromatographic methods. ,
[0006] By nonshifting is meant that under the reaction conditions the catalyst
will convert less than 5 and preferably less than 1 mole % of the CO to CO,up to
90% CO conversion in Fischer-Tropsch synthesis. The wt% of oxygenates is
meant the wt% of oxygenates in the total synthesized C4-C;o hydrocarbon
fraction, and by oxygenates is meant oxygen-containing hydrocarbon molecules,
such as alcohols, aldehydes, acids, esters, ketones, and ethers. The process of
the invention has been found to produce a C;4-Cyo hydrocarbon fraction contain-
ing more than 50 wt% linear alpha olefins and less than 3 wt% preferably less
than 1 wt% oxygenates. This process can be achieved as a stand-alone process
or it can be added to or integrated into a Fischer-Tropsch hydrocarbon synthesis
process. The relatively low selectivity for alpha olefin production normally

exhibited by a non-shifting Fischer-Tropsch cobalt catalyst, is at least partially

overcome by operating the hydrocarbon synthesis reactor under reaction



than | w % oxygenates. This process can be achi eved as a stand-al one process
or it can be added to or integrated into a Fischer-Tropsch hydrocarbon

synt hesi s rocess. The relatively |low selectivity for al pha olefin

pr oducti%’ﬁmf’?fémfy exhi bited by a non-shifting Fi scheRCTTHER08¥4368%6bal t
catalyst, is at least partially overcone by operating the hydrocarbon

synt hesi s reactor under reaction WO 2004/ 060836 PCT/ US2003/036896 -5
conditions in which the CF, accordingsto the above expression, is greater
than or equal to 50. By CO conversion is neant the anmount of COin the
synthesis gas feed converted in a single pass through the reactor. [0007]

I n anot her enbodi nent the invention relates to (a) producin? a, CO and H2

cont ai ni FPGHARHEL PRI Enim pg|t0gla€s??mem&°éﬁ??gsg#@fmghlamrco
Fi scher - AganD: iy & Boutrs e HERRE iR flo ur e oD bt PRheR 8 1 ons
.effecti V%eh%o%@@ft@&%%si%@ﬁa%% g??n@;ggkgg%}_ greater than or equal to 50,

to synthesize l'inear alp particularly linear al pha ol efins
having fromfour to twenty carbon atons, having less than 3 W% preferably

[ ess. L hamobyy¢ YR ibodimel A Rch Aol gt a4y Sbddane Scpprver ted to

synt hesi In turn, | converted to hydro ons,” 1S referred

tows a gasd EhRYArEhAg PInteRssSgas RovetatuR ehdlgb) esebidy 1RO H, dndeCOr ocess of
the invention relates to an integrated gas conversion process, in which the

| i near atqitainobgtymthpsiogas im the presereesfef nerkehifiing eabalo Fischer-Arepscht ed with
a hydrocarbon synthesis. process which produces primarily fuel and

| ubr i cat PygFosaIbo syathasts catalyst at reacHoR cRagitions gétesiive kR petNeve 0008] It i s
preferregd in.th racthece of t | nvent honckhat_t synt hesi as be

p’i oducedeppamo Ei{)ﬁl‘gﬁ E%@sgr%ﬁﬁf [ﬁeaaﬂ Olb% ualt] 3%?@51'1% vn@[ﬁqﬁcﬁé@%ﬂ y net hane,
for whighs Al ' ]aghdo' f ' pr oduci ng
synt hesi gﬁﬁg}ggarﬁaﬁlghgm%ﬁlﬁgl]ﬂl : C%lce)ﬁﬁ% Pg{d?lgﬁlﬁ‘ @nﬁ%&ugfﬁﬁg?ﬁtgﬁxe%t hi gher,
for exanplogns, Baving. leSuthah vk %, praferablslest thundl egdokpsenatesseparated from a

synt hesi s gas
process in which natural gas is converted to synthesis gas which, in turn, is
converted to hydrocarbons, is referred to as a gas conversion process. In yet
another embodimeént, the process of the invention relates to an integrated gas
conversion process, in which the linear alpha olefin production process of the
invention is integrated with a hydrocarbon synthesis process which produces

primarily fuel and lubricating oil products. This is explained in detail below.

[0008] It is preferred in the practice of the invention that the synthesis gas be
produced from natural gas. Natural gas typically comprises mostly methane, for
which the H:C ratio is 4:1 and is therefore an ideal feed for producing synthesis
gas having a nominal H,:CO mole ratio of 2:1 or somewhat higher, for example
2.1:1. Substantial amounts of hydrogen can be separated from a synthesis gas
with a H,:CO = 2:1 mole ratio, to produce H; and a 1:1 H;:CO mole ratio
synthesis gas. The 1:1 H,:CO mole ratio is a preferred ratio for the linear alpha
olefin process of the invention. Thus, while the S)Imthesis gas produced in the
synthesis gas generating reactor of a gas conversion plant typically has an H,:CO
mole ratio of 2.1:1 or 2:1, all or a portion of this synthesis gas may be optionally

treated to change the H,:CO mole ratio in the gas to a more preferred ratio for



wth a H:CO=2:1 nole ratio, to produce H2 and a 1:1 H2:CO nole ratio
synthesis gas. The 1:1 H2:CO nole ratio is a preferred ratio for the |linear
al pha ss of the invention. Thus, while the synthesis gas
producedkﬁBEQﬁBMQ§§ntheS|s gas generating reactor of a 55&"6%%9@W§P6n pl ant
typically has an H2:CO nole ratio of 2.1:1 or 2: 1, all or a portion of .
this synthesis gas may be optionally treated to change the H2: CO nole ratio
in the gas to a nore preferred ratio _fgor WO 2110 4 /116118 3 6

PCT/ US2003/ 036896 -6 the al pha olefin synthesis process, before it is
passed into the one or nore |linear alpha olefin producing reactors. [0009]

IS un odt thouhth hemstr voIvdln rodu _ linear
aI pha ol 8\%‘? CYhi ?‘?eﬁb Q@Hélls ﬁ#lséﬁ 3&"!3 such

that it fplﬁrcﬁ%ﬁhp?gdﬁahaﬁg%t&% COnole ratio in the synt heS| S gas feed

passed in "I near ol efin reactor be typically less than 2:1, the
st0|ch|onetr|c H2: CO consunption nole ratio of the linear alpha olefin

react | onIbg0sy: 1. 11 ENHUASHIERY Bar Mind i b3 CpUAEEES LAAG OB piRKE | 00

hydrocar bo eS|s ara ni ¢ d | ubricant
appl i cat lipggr ﬂ?ﬁﬁé oAefoverhy ﬁdﬂ ﬂﬁfﬁr@é’FisEh@ﬁT?ép/s%h c%'ﬂiﬁlt%@al?sﬁy@ﬁéI?S' S gas
feed in which the H2:CO nmole ratiois 2.1:1. In an integrated gas

conver si tratpr soreferrdd fdnehe RyaCOimole reme 1) the syrtkesiegas fred pmyedbmtadded to
and/ or swi tched back and forth from hydrocarbon gﬁnt hesi s for producing
f uel andthmbnwaﬂpha pledmi reaetor de itypie éﬁsmﬁharbzelf, ithe storicdomettith by changi ng

th di f th t t.h dit t
e a1 pnEtas Breons SEIRRR RISCaHAIT Gn N AIFGH BleduLipbet lpﬁis'emlfﬁﬂ by. 8 ust | ng
Lhe T eacteRAIS £ isd Ay ha cﬁﬁvxﬁwamsyd%@ﬁp sor equal to

50 and vice vers ucrng the syn gas na br al gas

e
equal t oshiftingeobat aatalyst echflyysnmsynthesis gas feed in which the H;:CO mole

ratio is 2.1:1. In an integrated gas conversion process of the invention, one or

more reactors may be added to and/or switched back and forth from hydrocarben'

synthesis for producing fuel and lubricant fractions to linear alpha olefin

production by changing the conditions from the conventional hydrocarbon

synthesis conditions to the alpha olefin selective conditions of the pfesent

invention by adjusting the reaction parameters to achieve a CF value of greater

than or equal to 50 and vice versa. Thus, producing the synthesis gas from

natural gas provides a particular synergy and flexibility for practicing all

embodiments of the present invention.

[00103 A CF value of greater than or equal to 50 can be achieved by many
different combinations of temperature, CO conversion, H;:CO ratio and water
partial pressure. The individual process conditions that are preferred for
achieving CF greater than or equal to 50, and thus high alpha olefin selectivity
and concomitant production, include (a) setting the H;:CO ratio in the synthesis
gas feed to a value Jess than 2.1:1 and preferably less than 1.8:1, (b) a CO feed
conversion of less than 50 and preferably less than 30% in a single pass through

the reactor, and (c) a reaction temperature typically between 160 and 250 and



di fferent conbinations of tenperature, CO conversion, H2:CO ratio and water
partial pressure. The individual process conditions that are preferred for
achieving CF greater than or equal to 50, and thus high al pha olefin

sel ecti vi¥Q 204@836ncomi t ant production, include (a) sePETGHE3EB CO rati o
in the synthesis gas feed to a value less than 2.1:1 and preferably |ess
than 1.8:1, (b) a CO feed conversion of |ess than 50 and preferably |ess
than 30%in a single pass through the reactor, and (c) a reaction
tenperature typically between 160 and 250 and WO 2004/ 060836 PCT/US211113
/113 6 8 9 6 -7 preferably between 180 and 240C. The presence of water in

t he synt he f eed ferred., Thus | s possible
for the p&efg@kﬁg%a mﬁ’mﬂ]%@% gg% Pfﬁ’?e ‘{"'589@‘”95?1' B tl}ee?%“[é?s‘ﬁé@? i gi bl e but
a non-ze rr [0011] It
S unders? ?Vl# Eeaéﬁléﬁ g’ﬁgﬁﬁghat};@gn}s‘g%ﬁ’%’agq%}(ﬁ%e‘?aﬁ‘é%%‘?’faﬁ ?ﬂ provi de
gui dance tﬁé)éxﬁr@%bﬁ{ RbER t0/Bd @D d}fnetgﬂlglble B h AeplzceOVaRR! invAk rakdeest (1
average reactor tenperature, partial pressure of water and H2: ratio |n

t he gas ffor@Otto iﬂﬁ)ekﬁmqireﬁerrednd CO conversion) under which a Condition
Factor val ue of greater than-or equal to 50 can be achieved, it is the

conbi nati on of the control wvariables which satisfy the CF descri bed herein
whi ch i s[O0EL]i nvin$ underswiodtthat althuodighi thelabovespedified pedferred rdinges t he skilled
artisan shoul d appreciate that the invention is a |inear conbination of the
contr ol @m\ndbu,e amse der ihedypiggl valaes Q:Bthm mdmdwedaomrol varablgs. (iet.y of the

Condition Factor is that it enablesthe termn on of this preferred
conbi nat ASFFA8E TEHLOT (GRRCHRIUE, FasiA FLesSPRy St W@Eﬁr an rn@ﬁ%fat}q incthe 838 ononi ¢ or

D083, ERERNBE R b2 KO KUy RED el ¥huc) Clficy b or, 00, ©
e feedpaitaghorogank o W syt s el o o |
t han 20@aii8bisd whidld2atisfy thaGhi descfibed herie sdiclesshasntdmicnemgtaehat ure i s set
for 205C1nd1v1dual variables alone. Thus the skilled artisan shounld appreciate that the
invention is a linear combination of the control variables as defined by the
Condition Factor. 'The utility of the Condition Factor is that it enables the
determination of this preferred combination of the control variables. Thus, for
example, 1f for economic or process reasons the feed to the reactor does not have
steam (i.e., Pyo = 0 kPa), and the CO conversion needs to be at least 30%, the
H,:CO ratio in the feed to the linear alpha olefin reactor and the average reactor
temperature need to be set so that the sum of 0.6(T) and 8(H,:CO) is less than
200-18-50 = 132. If, again, for process reasons the temperature is set for 205°C,
the H,:CO ratio needs to be less than 1.125:1 for the process of the invention.
Clearly, if three control variables are set for process or economic reasons, the
preferred value range of the fourth variable can be readily calculated. Those
skilled in the art will also recognize, that if only two control variables are fixed,
the preferred combinations of the remaining two variables will define a two-
dimensional surface which will be further defined by some other common
boundary conditions known in the art, like that the H,:CO ratio cannot be equal

or less than zero (no hydrocarbons form in the absence of H;) or that the reaction

temperature cannot be below 160°C (where for the catalyst systems of interest to



the H2:CO ratio needs to be less than 1.125:1 for the process of the
i nvention. Cearly, if three control variables are set for process or
econoni ¢ reasons, the preferred value range of the fourth variable can be
readily cal cul ated. Those skilled in the art will also recognize, that if
only two control variables are fixed, the preferred conbinations of the
remai ning two variables will define a two- dinensional surface which will be
further defined by sone other conmon boundary conditions known in the art,
|ike that the H2: COratio cannot be equal or |less than zero (no
hydr ocarbons formin the absence of ) or that the reaction tenperature
cannot be bel ow 160C (where for the ctafal yst systens of interest to -8- the
process of this invention, the Fischer Tropsch reaction rate is too lowto
variable is . fixe t he

be practical). Likew se, if %ﬁl % oge ,gqont r.ol

pr ef er r ecthe preress of thig inyention, the Fischer Tropscirearapn mie istoolpwio tig o 5
therefore ' . LE. r bfeged ter for the
i ndi vi duaﬁmétg%?)f\éwegg%@P%%#gyi‘é@ ﬁ%@%ﬁgﬁ%@?‘%ﬁ. ng pg:i%%?is, t he

ul timat e genEdafitel aomred-diniemsivnal space. Yidis ickdat, aherefore/that whilathen need to be
derived fromthe expression provided, hereipn for the ndi ti on Factor.

[0012] Thapseifid prefurad anges gixen sanksy fordhe individual sonfrofl vaRebletges for the

i nput variables for T, PH oftfl I e specified CF
is met, PEPY rfﬁﬂ%o gﬁ%ﬁ%ﬂ%f‘@?y %t'%cf’ﬁl%&eaﬁggggﬁr&;d her ei n.
Hence t heyarfdbléy dftthe hevedttiofi mese tb be derfived fromidie expreksion providedh nust be met
when setting, the n(Q:t ed input variables. [0013] Lower CO conversion can be

readi |y oberrmniog pRditiondagtasy nt hesis gas feed rates through the reactor,
whi ch also results in shorter product residence tines. As a consequence,

synt hesi s fe rat,g 1s other. yariab that ~nayv, be 0 achi eve the
desired c[)#@é]si gﬁ‘“ﬁe W&h?&%ﬂ@%@ iz cuogl%nga{jgﬁ% 0 50. Thus,
the synt hﬁ\'j:‘lf vaisbleLRE CRIE Kp0 ™XANAN] HL:TD) do 1eflg a5 tHespebifisd GF ispace
Vel ocity or GHSV) thr ough(t he‘ﬁg’eact or H\%l\n t h)| a ng_%-shi fting catalyst such

met, the input variables may vary from the ranges specified herein. Hence the

CF criteria disclosed herein, is the criteria which must be met when setting the

noted input variables.

[0013] Lower CO conversion can be readily achieved by increased synthesis
gas feed rates through the reactor, which also results in shorter product residence
tumes. As a consequence, synthesis gas feed rate is another variable that may be
used to achieve the desired conversion level and thus a CF greater than or equal
to 50. Thus, the synthesis gas feed rate (commonly quantified as Gas Hourly
Space Velocity or GHSV) through the reactor, with a non-shifting catalyst such
as disclosed in US 5,945,459, US 5,968,991, US 6,080,742, US 6,136,868, US
6,319,960, US RE 37,406E, US 6,355,593, US 6,331,575 comprising a caralytic
cobalt component, will typically be greater than 15,000 standard volumes of gas
(measured at 103 kPa and 25°C)/volume of catalysthour (V/V/hr), and
preferably greater than 25,000 V/V/hr. It is understood, however, that the feed
rate necessary. to maintain the preferred CO conversion of the invention will also
depend on the volumetric productivity of the caﬁlyst. - Hence, as would be _'
readily apparent to the skilled artisan, a catalyst that has two times higher _



as disclosed in US 5,945, 459, US 5,968,991, US 6,090, 742, US 6, 136, 868, US
6, 319. 960, US RE 37, 406E, US 6, 355,593, US 6,331,575 conprising a catalytic
cobalt caqnponent, will typically be greater than 15,6000 standard vol unes of
gas (rrea‘gﬁrleﬁ"‘&t's-"ios kPa and 25C)/vol ume of catal yst/ h@®@T/YSas/oaesps and
preferably greater than 25,000 V/V/hr. It is understood, however, that the
feed rate necessary . to naintain the preferred CO conversion of the
invention will also depend on the volynetric productivity of the catalyst.
Hence, as would be readily apparent to the skilled artisan, a catal yst that
has two tinmes higher WO 211114/060836 PCTI US21103/ 036896 -9-~ volunetric
activity, wll require twg tines faster feed rate to maintain the sane CO
conver si OWIWRNEYEE ViYWl reqpuo 1WP trpestrstesdeed rain io mpantainche$ame t he | ow
CO feed %ﬂgversion and Q@%B /sxﬁthesis feed gas rate through the reactor,
are nore TESENFSIENPEYEYOPY ¥ M eact or  containing one or nore fixed beds of
catalyst or a fluidized catalyst. A slurry reactor, highly efficient for

ot 11 i zoo PBPThd et PaEnfh ol b GTnGlar B et SERIPRAM B8 o dence
i *he _ | P EEPOANT XE resi den
Sk T oa. SYDTIERls o8 2ps FHE I ERHRREFAG TR, Aok KEORY e R8I TR0 ™ D015,

I n order doptdiBpgrmcort Mord ide@bradencMaBAL6t a Yivedided Batahgst CA: {fy car bon
range, particularly the linear alpha oléfin yield in the C4-C20 carbon

range, t lreadtydhoghiytedticent foresyrahesernog ihvghdranglectlar alph ghtqumaliiotied at an
al pha of less than 0.9 and nore preferabl%( less than O.S. _This is in
cont r ast Rygresarbppm angy alsqibe wiiged fantheplsfiasypthesisy peavaded Mapthe o, which is

desirabl e f hesi zi hi gher . ol | i.gh d b f f
And | ubr AERMPIBFTaGt T ane” REOTRINERES: SPGR A HBR SR8 hyen | on
rel ates 9 dyfh0r6Yiné OkilleHBRPAH RALSARABLY 16er BrOBR thGlbAty Wherei n

t he process conprises passing a
time.

[0015] In order to maximize the hydrocarbon product yield in the C4-Cop
carbon range, particularly the linear alpha olefin yield in the C;4-Cyq carbon
range, the hydrocarbon synthesis reaction is preferably conducted at an alpha of
less than 0.9 and more preferably less than 0.8. This is in contrast to an alpha of
at least, and preferably greater than 0.9, which is desirable for synthesizing

higher molecular weight hydrocarbons for fuel and lubricant applications.

‘ [0016] In a broad embodiment, the invention relates to a process for
synthesizing C4-Cy linear alpha olefins, wherein the process comprises passing a
synthesis gas feed comprising a mixture of H; and CO through a linear alpha
olefin hydrocarbon synthesis reactor, in which it contacts a non-shifting Fischer-
Tropsch hydrocarbon synthesis catalyst comprising a catalytic cobalt
component, at reaction conditions sufficient for the H, and CO to react and form
the linear alpha olefins and wherein the reaction conditions are such that the

following expression has a value greater than or equal to 50:

200 - 06(T) + 0.03PH20 - 0.6XCO — S(HZCO),

and wherein,



synthesis gas feed conprising a mxture of H2 and CO through a |inear al pha
ol efin hydrocarbon synthesis reactor, in which it contacts a non-shifting
Fi scher - Ir ydrocarbon synthesis catal yst conprising a catal ytic

cobal t \g-(l)érr“%g @H?Q at reaction conditions sufficient fo‘?CﬁH%z"P-FZ‘”éﬁ COto
react and form the linear al pha olefins and wherein the reaction conditions .
are such that the follow ng expression has a value greater than or equal to
50: 200 - 0.6(T) + 0.03PH20 - 0.6Xca r 8(H2: CO, and wherein, CVO

2904/ 0611836 PCT/ US2003/ 036896 -10 T = average reactor tenperature in C
PH2o0 = partial pressure of the water in the synthesis gas feed to the
reactor, in kPa Xco = CO conversion, expressed as percent, and H2: CO =
hydrogen to COnolar ratio in the synthesis gas feed to the reactor. [0017]
The above expl ésaV@ASeEFACHIJCRPETABIEAY Con Factor (CF). Thus, the preferred

reacti on conditi ons of .the procgss of, the.invention c | so be described
as a conbi nat W%P%P&?&B%‘&Iﬁ ec}%at%%@leétyaﬂ&mms egé B?eal pressure in

the feed, CO convei:e%:cpc{},i feed H2: CO ratio that yields a CF value of
greater than or equa o . BRI EF DESCRI PTI ON OF THE DRAW NGS [0018] Fi gure

1is a block Kigw 0DAgsErabn fexprasiddab percdntng al pha ol efin process of
the i nvention. ?0‘019] Figure 2 i's a block flow di agram of one enbodi nent of

an i nt egr at edH,iC@eahydriogtm t@CE€F molanutibyd the syithesis was fieesi © theocess of the
invention. [0020] Figure 3 is a block flow di agram of one enbodi nent of

anot her TeAgkOEgrated |inear al pha ol efin and ‘hydrocarbon synthesis process of
t he

{0017}  The above expression defines the Condition Factor (CF). Thus, the
preferred reaction conditions of the process of the invention can also be
described as a combination of average reaction temperature, water partial
pressure in the feed, CO conversion, and feed H,:CO ratio that yields a CF value

of greater than or equal to 50.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018) Figure 1 is a block flow diagram of a stand-alone linear alpha olefin

process of the invention.

[0019] Figure 2 is a block flow diagram of one embodiment of an integrated

linear alpha olefin and hydrocarbon synthesis process of the invention.

[0020] - Figure 3 is a block flow diagram of one embodiment of another
integrated linear alpha olefin and hydrocarbon synthesis process of the

invention.

DETAILED DESCRIPTION

[0021] In the process of the invention, the linear alpha olefins are produced
by a Fischer-Tropsch hydrocarbon synthesis reaction in which H; and CO in the

feed gas react in the presence of a non-shifting Fischer-Tropsch hydrocarbon



I nvention. DETAI LED DESCRI PTI ON [0021] In the process of the invention, the
| i near al pha ol efins are produced by a Fischer-Tropsch hydrocarbon
synthesis reaction in which H2 and COin the feed gas react in the presence
of a nonWEMUWHIWESEi scher - Tropsch hydr ocar bon WO 2004/ OBUSBS2003/036896

PCT/ US2003/ 036896 synthesis catal yst, conprising a catalytic cobalt
conponent, under reaction conditions defined by a Condition Factor

descri bed above as having a value grgater than or equal to 50. Optionally,
the process conditions are also adjusted and/or the catalyst selected to
achieve a reaction alpha of less than 0.9 and preferably less than 0.8 to

maxi m ze |inear al ﬁga ol efin production i r] the C4-C20  carbon range. By
react i onSYIRFS FalahyshROMPRESIRE A ¢ataYing e9RAlLFHRRONGHY, HBAGIJEasUO) ned by t he

ot or m ret GUSTL R by H GAifion FaioRH Bl Ry SR RO D St T o

Synt hesi fé?@ i ' 8L T % ; -270. At a
gi ven HZ‘%G%){ ﬁ%?DPe at i %,5@'6 %@ﬁffw I IrobeS%re Sété%n%é%%g olﬁ)ﬂg%@gsi ng the
react i onandopeadatigsodeledidd telgsieash reactibe altacof 8s esG.9raad [ 0022] The
non-shi fting hydrocarbon synthesis catalyst conprising a catalytic cobalt

conponenpreferablyi less thanl (.8 ¢amaxtiphze bheikriatplhpr ddfiotproduption ssthedf-Che
i nvention conprises_unsupported cobalt, or, a supported Fischer-Tropsch
hydr ocar ¢ OB yMigfe P ¥ reagtipnalphays mpanigheg Sely 9Ly ¥Pha.gsds detsi- pr onot ed

cobalt and o r note suppor omponent s, ;. The preparation of an unsupported
or bul k- Pimahey e Mide T ESsh: RERRNRILEr pRaS-RESPRady PikmhofSanth For

pr oduci [ : | . ol t ' ! har:flescri bed

bl o 1 a0 e St e i ch 1 s
usef ul f®ynthesio Paciazy (EMIBSY iraCpiadysid BEitérs \asIcP(U99Q) p.o23he7dnwantion, is a
supported, rhenium pronoted cobalt catalyst, that has been used to produce

| i near agivha HxaodEOmokaetiodiheglpha wik bprodusd byf (2)hecieasiagtthon and has al so

been used in slurré/ . )
reaction temperature and (b) decreasing the reaction pressure.

[0022]  The non-shifting hydrocarbon synthesis catalyst comprising a catalytic
cobalt component used in the linear alpha olefin production process of the
invention comprises unsupported cobalt, or a supported Fischer-Tropsch
hydrocarbon synthesis catalyst which is a composite of cobalt or promoted
cobalt and one or more support components. The preparation of an unsupported
or bulk, rheninm-promoted cobalt catalyst that has been found useful for

( producing linear alpha olefins according to the invention is described below, in
the preamble to the examples. Also described below, and which is useful for
producing linear alpha olefins according to the invention, is a supported,
rhenium-promoted cobalt catalyst, that has been used to produce linear alpha
olefins according to the process of the invention and has also been used in slurry
Fischer-Tropsch hydrocarbon synthesis reactors producing mosily (e.g, at least
00 wt%) saturated, normal paraffin hydrocarbons having less than 6 wt% olefins
(less than 10 wt% olefins in the synthesized C4-C, fraction), wherein the
support comprised a composite of titania and silica-alumina. Preferred supports
for supported Fischer-Tropsch hydrocarbon synthesis catalysts containing a

catalytic cobalt component, comprise titania, silica, and modified titania and



Fi scher-Tropsch hydrocarbon synthesis reactors producing nostly (e.g, at

| east 90 wt % saturated, normal paraffin hydrocarbons having | ess than 6
w%olefins (less than 10 wt% ol efins in the synthesized C4-C20 fraction),
wherein the support conprised a conposite of titania and silica-al um na.
Preferred supports for supported Fischer-Tropsch hydrocarbon synthesis
catal ysts containing a catalytic cobalt conponent, conprise titania,
silica, and nodified titania and -12- silica, such as, for exanple,
"-nodified T102, with or without binders, for both the linear alpha olefin
synthesis and for synthesizing higher nolecular weight, primarily
paraffinic |iquid hydrocarbon productds including |ubricant oil fractions.
A support conponent conprising titania is preferred. The anmobunt of cobalt
present in supported catal ysts may range from 1-50 wt % of the_ catalyst,

pr ef er ablsilica; suthws)fioxrestampie; ZyOg-meodified TE0: svith op without hinders: 8¢ such as

f:m 30 bee & ingar gl plkti SReSi el 9F iRk a“‘.éb.ﬂisﬁgﬁfvﬁqu?ﬁ%g{ yots. and
Ty e f G P L b0 B0, s ‘o ga0. 742, U

_?_,h136, 86?‘“?"-*“%”&““&”?‘“?“‘}“@@ pedened, Ttusam,oyg!pﬁw. [0023]

e tota nt nesi ze - rocar non act | senara

fracti on%ﬁéﬁ?’*%@?@?@?ﬂ%ﬁsWﬁ#ﬁbt‘gﬁﬁp,ﬁﬁﬁ?@ﬁa&% 1+ hydr o-
bons. b ! ek ;. duci

carbons Wﬁ?m(ﬂg%&%%ﬁ 2105wt P4 pRiniitar Sichfdsh Produci ng

process The “separ ated C4-C20 hydrocarbon fraction
cont ai ni whenitim isased, theiweighs mticoithe cobalt tothe premotes willirangs frosrnal ol ef i ns, |

Dot i on 3 f 2 R huetsrably fim b1 F Pl CotpTRE N AhEF pRerT o2 o1 e ne
to r ecov o426 klgWalsad iMstadive] bitaRin-Bnitig exaiplésiaay by foand Tui t abl e means.

Al'l known |inear alpha olefin recoverg/ rocesses are quite conplex and thus
14

costly. lexample, imiE 5,545,489 -H85,268,89 6,080,743, U8, 136,868 WSef i n product
that has s, Jbgh s RS ROEENDER B, 341 Us 853 sabpha of efins as

[0023]  The total synthesized Cy-Cyo hydrocarbon fraction is separated by
fractionation, from the lower and higher carbon number, C,. and C;;, hydro-
carbons, which are also synthesized by the linear alpha olefin producing process
of the invention. The scparated C,~Cyp hydrocarbon fraction containing the
desired linear alpha olefins also contains internal olefins, paraffins, and a small
amount of oxygenates formed by the synthesis reaction. It is therefore typical to
further treat the linear alpha olefins to recover the desired C;-Cy linear alpha
olefins, by any suitable means. All known linear alpha olefin recovery processes
are quite complex and thus costly. It is therefore advantageous to make a crude
alpha olefin product that has as high a concentration of the linear alpha olefins as
possible, to thereby reduce the complexity and cost of recovering them. One
known method for recovering linear alpha olefins from the oxygenates-
containing, total synthesized C4-Cyo hydrocarbon fraction, is to react the linear
alpha olefins in the separated C;-Cjo fraction with alkanols, to form ethers. The
so-formed ethers are then separated from the rest of the hydrocarbons in the
separated C;-Cyp cut by fractionation (c.f. German patent publications DE
19825295 and DE 15833941). The separated ethers are chemically treated to



possi ble, to thereby reduce the conplexity and cost of recovering them One
known nethod for recovering |linear al pha olefins fromthe oxygenates-
containing, total synthesized C4-C20 hydrocarbon fraction, is to react the
linear WHHWHHEI6 ns in the separated C4-C7,0 fracti onPGR/USRIBIEIMS] S, to
formethers. The so-fornmed ethers are then separated fromthe rest of the
hydr ocarbons in the separated C4-C20 cut by fractionation (c. Gernman patent
publications DE 19825295 and DE 19833P41). The separated ethers are
chemcally treated to WD 20114/ 0610836 PCT/ US2003/ 036896 13 convert them
back into linear alpha olefins. Since ethers are thensel ves oxygenates, the

f tes.in.,th ted total - C20 . hyd bon f ti
nor eas cSORYFEL W Dac 130 SR a8ha ol SVBES HUCTSIABRNESl pha of ef i ns. by
t hi f | AN Ll : f th
present T RURREKan HecHeRendd o AYsehiBl by B BA008 Rl Cocholace than 3 ko6

and pr ef py@lcirbodszadthdinkeradses iHeadiffidul Br SHIERSE of ReddiRrind! the 1{adac20

hydrocarbon fraction synthesized by the process. This | Ow oxygenates | evel
i s rmuch dlpheolefitslny tHie ptogess.aTharoboret, acigmficdrsaslvafitagd oftthe pryagenat es made
usi ng iron-based Fischer-Tropsch hydrocarbon synthesis catal ysts. The total
oxygenat ef d8raresant inggntis igdheveaiyhion loyelad wiigenales i dgnsyhan 3pyt%

hi gh-resol pytiqn not her. _kno nmet hod .for se ating Linear alpha

o1 ot ne. Sibiedgiabinles i, Lo R RSP S o dhe AL Sy RPE RO

boi l'i ng L . | . 877,378. 1In
this profaufin SAMEIRY uped Bilse, Tls 1SR eEnaled ietelis AL IbuRy,

oxygenat @an(tRe Sypicall ARG 1O deRE BIF) wrdhkyseNSRE nddenssin®ldhLizedr €

sel ectively converted to trial kyl al um num ¢énpounds, which are then

separ at eBistharT tdpechihydrocarbets yithesis bytdhystsarBensotalnek ypenuer cerdertack i nt o

et hers. The | ow oxygenates content and high | evel of |inear_alpha olefin
pr oduct i B3y st daterEined biyrgas shaematagraphyt ereby highnrasehitioneddMRs i n

S1oni 1 cant |y LOUCE 6R%Y b0 sLSSQNSE 1hS AbRS LA an LRl oduct s by
hydrocarbons and internal olefins in the same boiling point range may be found,
for example, in U.S. patent 5,877,378. In this process, which is also adversely
affected by the pre‘sence of oxyg\enates (e.g., alcohols and acids), the linear alpha
olefins are selectively converted to trialkylaluminum compounds, which are then
separated from the unconverted other hydrocarbons and converted back into
ethers. The low oxygenates content and high level of linear alpha olefin

production obtained in the practice of the invention, results in significantly lower

{ - cost to recover the linear alpha olefin products by this method as well.

{0024]  The linear alpha olefin producing process of the invention can be
integrated into a Fischer-Tropsch hydrocarbon synthesis process plant
(integrated process) or it may comprise a separate facility with its own source of
synthesis gas (stand-alone process). As mentioned under the summary, it is
preferred that all process embodiments comprise gas CONversion processes,
which include production of the synthesis gas feed from natural gas. Syngas
derived from natural gas provides the desired stoichiometry for the linear alpha
olefin synthesis process of the invention which utilizes a non-shifting cobalt-

based Fischer-Tropsch synthesis catalyst. The linear alpha olefin production



[ 0024] The |inear al pha olefin producing process of the invention can be
integrated into a Fischer-Tropsch hydrocarbon synthesis process pl ant
(integrated_process) or it nmay conprise a separate facility with its own
sour ce o?”oé's’ﬁ’t"ﬂ@é?s gas (stand-al one process). As ment PERBH2HHM8¢8%¢ he
summary, it is preferred that all process enbodi nents conprise gas
conversi on processes, Wwhich include production of the synthesis gas feed
fromnatural gas. Syngas derived fromnatural gas provides the desired
stoichionetry for the linear alpha olefin synthesis process of the

I nvention which utilizes a non-shifting cobalt- based Fi scher-Tropsch

t hesi tal yst.. The _li | ph fi duct.i WD, 2004/ 0611836
POTI US2005 0568631 InVEEp it 858 20FPE AL TISPERIr R Enategapopsgassis
Fi scher - b . o
ol of i prodias; wives R MaRinRiBh BRI FproRhElby Ty aPasl ST AL BROBIECS, ons.
i.e., atsbipmetizel hHPO@IbAHRSI b OhdleaSty SO A% 6me%ta¢%9mﬁax&rea@{-re9§s produced
in the linear alpha olefin reactor are |linear al pha ol efins. hi's
di st i nguhytiexarbors produbet ini theripfear akpdhatalefine resctoreare dirtead aiphar diefins.y nt hesi s

process, which produces nostly (e.ﬁ%é, at |east 85 w% saturated, i.e.,
par af f i nildus distinguishevitdramerhatiis refermd tg berean py ajhyslsoearhan synthesisi near

| ph | ef i in t t hesi 4- C20 b f tion. .Ih f ,
A TN M el L L ST
' j : ' . while th
Dr 00 ekt RIS CL B Sy Eally LNEAE RN BRI ACRTRe o L€ (1

ref err eds{mhasizad I0,[CAhydkddarboh Eacfiony TheRTore, f6F Beatke dfRRRPEniLAcAN
integrated |inear al pha’olefin and hydrocarbon synthesis (HCS) process of

t he i nveahd @m thesgoritéretsofsthy &isvantione the latter ploeess aefei2dto hEGSim anat or.  The
tail gas_from-the reactor can then be utilized as feed gas for the other
r eact or . hydcaromesynghesis pipeess whikmiheroegssidescrbrd hexsde 98 Bavingyair ocar bon

synthesi &Pagr%alérrt] & of cla(ﬁ)uha? S |58fils Pe e}[r% Qg 25 ?1)linréaa¥ aﬁ)%acoq%hgggthvgs%sh product s
process.

[0025]  In an integrated linear alpha olefin and hydrocarbon synthesis (HCS)
process of the mvention, synthesis gas is fed to either the LAO or HCS reactor.
The tail gas from the reactor can then be utilized as feed gas for the other
reactor. Additionally, products from one of the two processes (hydrocarbon
synthesis and linear alpha olefin synthesis) may be combined with products

from, the other process.

[0026]  Preferably in an integrated process syngas having e.g. an H,:CO mole
ratio of 2:1 is passed to an HCS reactor and syngas having an H»:CO mole ratio
of lower than 2:1 is passed to an LAO reactor because the consumption ratio of
the LAO process is 2:1 the tail gas from the ILAO reactor will be CQO rich and H,
poor or depleted. The tail gas from both units can then be combined to provide a
feed gas to the LAO reactor having a more preferred H,:CO mole ratio of lower
than 2:1. In this manner, an integrated process is achieved. Alternatively, the

tail gas from the HCS reactor can be used alone as feed gas to the LAQ reactor.



from the other process. [0026] Preferably in an integrated process syngas
having e.g. an H2:CO nole ratio of 2:1 is passed to an HCS reactor and
syngas h%&nﬁ an H2: CO nole ratio of lower than 2:1 is passed to an LAO
react or AVSUS consunption ratio of the LAO proceBETUS2M3/036%e t ai |

gas fromthe LAO reactor will be COrich and H2 poor or depleted. The tail
gas fromboth units can then be conbined to provide a feed gas to the LAO
reactor having a nore preferred H2: COQ4mle ratio of lower than 2:1. In this
manner, an integrated process is achieved. Alternatively, the tail gas from
the HCS reactor can be used alone as feed gas to the LAO reactor. WO

2004/ OGOS&QﬁCT/ S2003/ 036896  -. 15 ({ﬁ)oz?& .Onengr m)Le(?. react%[.lscfor

produci n earVBF BhIQE SpIctars FOF Broduceng Bneqtialphia glefins @C6prding 19 nyent i on
may be e : t i it later
or be ongﬁ rﬁ%ﬁ?ﬁé{grlggé?%%ﬁxgﬁ%ﬁ%@?@d%E)%F%‘?FSE?XQI{O%%?\?Z&%%#S&rrporari ly
or per mapRiat,laddswith ¢TiRebricy Hel diRasr MbRIBy®RLEADONRYyAHEGIS @Actord thagnot her
integrated |inear al pha olefin process enbodinment, in a plant or facility
(t hese t have bearstearporas Bdosperarmynently syitchad to lihear diphe alefal proaluctiefii n
production, one or nore hydrocarbon _synthesis reactors nay be added to it or

one or nbr &nqtheiamtegipiaddingas niphagledn pregess eathoshimenhyn Bdlatfior arily or
per manent.| y.. swi,t ched to_hydrocarbon synthesis reactor. In,an epgbodi nent in
Bhi oh o N GE oy Rri e SR RaRY o Ry meE R heamiathirgfoBPnt hoo! <
cat al yst | S| | b ﬁ&ﬁﬁt' t he
catal yst P Wﬂl‘ﬁ?ﬂgf&6%0%@2%?&%&0&?%35@@&1 ‘%%%g@% %@é ?‘f?om yl(tzl%car bon
synt hesi gné 8r o€ fiheat MPRa oPfRT produvitidieat @rPhRy h Renporaflyise benefit.
Further, when switching a linear alpha olefin Synthesis réactor to

hydr ocar permanentliesiigheiditowyldrocanhorbeynthess seacyor. tla anhembedinfentdat al yst i n
the reactor for the switchover. [0028) In one specific enbodi nent of an

i nt egr at Wénah Haxdrogaphon HIndhesss reagir KesIaDHR HeBshidme yathesistatalyst one or

more 11 nggﬁpﬁlsi?lgaa gzltaelfy'tir& c%gftr}%%{p%nent, replacement of the catalyst will not be

necessary when switching it over from hydrocarbon synthesis to linear alpha
olefin synthesis providing a unique benefit. Further, when switching a linear

i !
alpha olefin synthesis reactor to hydrocarbon synthesis, it will not be necessary

to change the catalyst in the reactor for the switchover.

[0028] In one specific embodiment of an integrated linear alpha olefin
synthesis process of the invention, one or more linear alpha olefin synthesis

{ reactors will use tail gas from one or more Fischer-Tropsch hydrocarbon
synthesis reactors, as all or part of the synthesis gas used for producing the linear
alpha olefins and vice-versa. By way of an illustrative, but nonlimiting example
of this type of embodiment, at least two synthesis reactors are used, with at least
one reactor, a Fischer-Tropsch hydrocarbon synthesis reactor upstream of the
linear alpha olefin reactor, operating with a non-shifting cobalt hydrocarbon
synthesis catalyst comprising a catalytic cobalt component and a support
component, at a reaction alpha high enough (e.g., > 0.9) to produce both fuel and
lubricant oil hydrocarbon fractions, from a synthesis gas feed (preferably
produced from natural gas) in which the H;:CO mole ratio is less than the

stoichiometric (2.1:1) H,:CO consumption ratio (e.g., 2.0:1 or less) and the



reactors will use tail gas fromone or nore Fischer-Tropsch hydrocarbon
synthesis reactors, as all or part of the synthesis gas used for producing

t he Iine&; n'lﬁn (olefins and vice-versa. By way of an illustrative, but

nonl i mit |G ey ﬁg?b of this type of embodinent, at |ea8tVEWI¥)I68Hesis
reactors are used, with at |east one reactor, a Fischer-Tropsch hydrocarbon
synthesis reactor upstreamof the |inear alpha olefin reactor, operating
with a non-shifting cobalt hydrocarhbogs- synthesis catal yst conprising a
catal ytic cobalt conponent and a support conponent, at a reaction al pha

hi gh enough (e.g., > 0.9) to produce both fuel and |ubricant oi

hydr ocar bon, fractions, from.a nt hesis gas_feed ef er.apl roduced from
nat ural YGASHOT ilﬁomagﬂgtaﬁéq\l&h @ ﬁﬁ?‘éerf‘lgpgsv?ls(%rgesé@%ﬂ lgﬁg)f- i chi onetric
(2.1:1) ' ' ' :

211114/ é@i"f%%"‘@@ @?g%f@%&%ﬁbg? fléﬁpe%ec]:atc tr, %' gﬁ%éebfegfﬁﬁﬁgs‘é%‘p% hi gh CO
conver si ffid itBleatOrg-A sRPK Ractdr spfeXerrdd or MURTAGH SO RILheY AidMe&ilar I eact or
may be a slurry reactor, a’fixed bed reactor or a flui d bed reactor. A

sl urry rweighthydeoqarledrer beiting om theabobricantei] hargtee r B ol the dingar alphiaght

hydrocarbons boiling in the lubricant oil range. Both the |inear alpha
ol ef i n aplafipyanddusireearben symdiesis readersgidhefintegeated lisgaraalpha plefonr al pha

ol efin rocess may contain the or differen on-shifti hydr ocar bon
oynt hesi BOCESR TRy hnEan e S, o SR TireR Aot SREBAE b BGHACRRDNARES hydr ocar bon
synt hesi . u T ' 1.0l react ed H2 and
D haviylyseRdbr Ry o 888 RontSpbndThE RIS (BERSL °0 T o o
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containing the reduced (e.g., 1:1) nole ratio H2:'CO is passed into the

| i near alepgheedHefC@ malgntitiesirdtearaenioving THeastanportionnsf thé G,haydircear al pha

olefin synthesis reactor is _set so that the CF value, which incorporates
t he af oréavbens anrbtPntvaglzlHoOdzonytheitail g2ps the gerapinder 6oBWININgG thet anot her
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synthesis reactor. The conditions of the linear alpha olefin synthesis reactor is |
set so that the CF value, which incorporates the aforementioned reduced feed
ratio, is higher than 50. In yet another illustration of an integrated process
embodiment of the invention, a synthesis gas producing unit is producing, from
natural gas, a synthesis gas containing H, and CO in a mole ratio of at least 2:1,
as feed for one or more hydrocarbon synthesis reactors. A portion or slip stream
of this synthesis gas is passed to either physical or chernical separation means,
for removing some of the hydrogen from the synthesis gas, to produce a -
hydrogen-reduced synthesis gas in which the H;:CO mole ratio is less than 2.1:1
(e.g., 1:1). This hydrogen-reduced synthesis gas is passed into one or more
linear alpha olefin synthesis reactors. The conditions of the linear alpha olefin
synthesis reactor is again set so that the CF value is greater than or equal to 50.
Physical separation processes (means) for separating H, from the synthesis gas
include adsorption-desorption, membrane separation and a combination thereof,
all of which are well known and commercially available. Adsorption-desorption
processes include temperature swing adsorption (T'SA) and pressure swing

adsorption (PSA), both of which comprise a plurality of adsorbent containing



natural gas, a synthesis gas containing H2 and COin a nole ratio of at

|l east 2: 1, as feed for one or nore hydrocarbon synthesis reactors. A
portion or slip stream of this synthesis gas is passed to either physical
or cheni WQI208L464834t i on neans, for renoving some of thPAYRFZBPERE%om t he
synthesis gas, to produce a hydrogen-reduced synthesis gas in which the
H2: COnole ratio is less than 2.1:1 (e.g., 1:1). This hydrogen-reduced
synthesis gas is passed into one or npre linear alpha olefin synthesis
reactors. The conditions of the |linear alpha olefin synthesis reactor is
again set so that the CF value is greater than or equal to 50. Physica

ti . f ti H2 f. th t hesi
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Adsor pt i%eﬁaglé’s\g%%g@mgég%g@&é@%&?ﬁ? Fec(r%pme%a?%t?%ﬁ ﬁbﬁ‘g' adsorption (TSA)
and pressure swing adsorption (PSA), both of which conprise a plurality of
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operated in C menner. m cal nmeans 1n S awa gas shift
react or, frohi gdtutad gay pvBiehl dancompmechsvnhibh BOYSiksle %ahethahe ORitiRRas. [ 0029]
Synthesis gas for the process of the invention is preferably produced from
nat ur al waminddr primedly Canpydreeamhensumirogsn 92d e Mettedriedres, a 4ilt h t he

remai nder. primarily C2+ hydrocarbons, nitrogen and CO2. Methane has a 4:1

H: C rati H:(Sﬁem and etheredpee 1dgabformspdymipgupiefegably bt @ capiynsyomotonbi nat i on

f i al. oxi.dat.] f orm ng, hesi ] H2: CO
ol o' r sketbe Rl and st R0 h Y aenf o Beti A FRRCOTIE”, 21 o useu
with a nofy, &erﬁi'nQH%p‘?‘?P?! Whidt Rl hS ko i?ﬂiéﬂ-ﬁ&ﬁﬁflé?ﬁiéﬁf@%hsan il fur and

ot her heteroatom conpounds are renove romthe natural gas, and in sone

cases algnfiiig éctgdratans foPRydihRArb@NeYmhgs. NShifangnd befer deteroalonng Wit h
oxygen or air and steam is passed into a synthesis gas generator. Oxygen

i s pref ecorapourglsaire remeved frem the nasural gos, dndtincourecases alsogaitrogano’ t he

synt hesi s erator (reactor).. rin . .
y anc?&%)g.geﬁ]e remaining methan -nchgas, e%ong with oxygen or air and steam,

1s passed into a synthesis gas generator. Oxygen is preferred to air, because it
does not introduce' nitrogen into'the synthesis gas generator (reactor). During
the synthesis gas reaction, nitrogen can form HCN and NHj, both of which are
poisons to a cobalt Fischer-Tropsch catalyst and must therefore be removed
down to levels below 1 ppm. If nitrogen is not removed from the natural gas,
and/or if air is used as the source of oxygen, HCN and NH; must be removed
from the synthesis gas, before it is passed into a hydrocarbon synthesis reactor.
Known processes for synthesis gas production include autothermal reforming
and fluid bed synthesis gas generation, both of which employ oxygen and form
the synthesis gas by partial oxidation and catalytic steam reforming. A review of
these and other processes for producing synthesis gas and their relative merits,

may be found, for example, in U.S. patent 5,883,138.

[0030]  Due to the nature of the surface chemistry involved, hydrogen to
carbon monoxide mole ratios of typically less than 2:1 are preferred preferably
less than 1.8:1, more preferably about 1:1 in the feed to the reactor for achieving

a preferred CF value of greater than or equal to 50 and thus producing linear



t he synthesis gas reaction, nitrogen can form HCN and NH3, both of which are
poi sons to a cobalt Fi scher-Tropsch catal yst and nust therefore be renoved

down to | evel s ow 1l ppm If nitrogen is not renoved ural gas,
and/ or |‘?°&1"f“"ﬁ“§““‘ﬁsed as the source of oxygen, HCN and pfl{lII—Tlg'Eg i ?Bﬁkg’t(r enoved

fromthe synthesis gas, before it is passed into a hydrocarbon synthesis-
reactor. Known processes for synthesis gas production include autothernal
reformng and fluid bed synthesis gags8generation, both of which enpl oy
oxygen and form the synthesis gas by partial oxidation and catal ytic steam
reformng. A review of these and other processes for producing synthesis
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preferred preferably less than 1.8:1, nore preferably about 1:1 in the feed
to the refdioH, aad GORbavumed by the sihear algh&blefa synthésigreatton is2ah or equal
to 50 and thus producing linear WO 2 0114 /116 0 8 3 6 PCT/ US2003/ 036896
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ol efin synthesis gas reactof produces a tail gas which“ (i) is rich in
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than the H,:CO ratio in the feed to the reactor if such recycle of the linear alpha
olefin synthesis reactor effluent gas is applied, and will essentially follow the |
stoichiometry of the linear alpha olefin synthesis process, i.e., typicaily 2:1. Itis
important to understand that in cases when there is an effluent recycle, the
H,:CO ratio used in calculating the Condition Factor is not that of the make-up
gas but instead the H,:CO ratio of the feed to the linear alpha olefin synthesis
reactor. The feed to the reactor is generated by blending the recycle and make-
up gas streams, thus the reactor feed typically has lower than 2:1 H,:CO ratio L
due to the Hy-deficiency of the recycled tailgas component. Hydrogen may be
separated from synthesis gas having a relatively high H,:CO mole ratio of, e.g.,
2:1, or 2.1:1, to produce hydrogen and a synthesis gas having a lower H,:CO
mole ratio. One or more of the higher or lower mole ratio synthesis gases, and
separated hydrogen, may be combined with the recycled CO-rich tail gas, to
provide the desired H;:CO mole ratio in the combined synthesis gas stream fed
into the linear alpha olefin synthesis reactor. It is understood, however, that
regardless of the feed H;:CO ratio to the reactor, the H,:CO comsumption ratio
of the linear alpha olefin process of the invention is 2:1. This consumption ratio

is close to the 2.1:1 ratio needed for the conventional hydrocarbon synthesis



ol efin synthesis reactor effluent gas is applied, and will essentially
follow the stoichionetry of the linear al pha olefin synthesis process,

i.e., typically 2:1. It is inportant to understand that in cases when there
is an ef WQaW#eu8éqcle, the H2:COratio used in cal cul BRECTAg2WBE3E®BNdi ti on
Factor is not that of the nmake-up gas but instead the H2:COratio of the
feed to the linear al pha olefin synthesis reactor. The feed to the reactor
is generated by blending the recycle gnd nake- up gas streans, thus the
reactor feed typically has lower than"2:1 H2:COratio due to the
H2-deficiency of the recycled tail gas conponent. Hydrogen may be separated
fromsynthesis gas having a relatively high H2: CO nole ratio of, e.g., 2:1,
or 2.1: 1prchswa§a@é@mwﬁbg@wshﬁana alithased cyjaby stompkipgaparafiéric 2 co  nol e
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consunption ratio of the linear al pha ol'efin process of the invention i’s
2: 1. Thi symbessippodessest dfensequentty,dhe usoof hatu?allgas to produceenaelkbsior t he
conventional hydrocarbon synthesis WO 2001/ 060836 PCT/ US2003/ 036896 -19
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synthesis gas conprising a mxture of H2 and COwith a

CO react to torm hydrocarbons under shifting or non-shifting conditions. For

the linear alpha olefin synthesis process of the invention, non-shifting conditions

and a non-shifting 'catalyst are used. This means that less than 5 and preferably

less than 1 wt% of the CO in the synthesis gas feed is converted to CO,in one

pass of the synthesis gas through the reactor. Fischer-Tropsch types of catalysts

for hydrocarbon synthesis may comprise, for example, one or more Group VIII

catalytic metals such as Fe, Ru, Co, and Ni, and optionally one or more

{ promoters such as Re, Pt, Th, Zr, Hf, U, Mg and La, on a suitable inorganic

support material, preferably one that comprises one or more refractory metal

oxides. A non-shifting catalyst in which the catalytic metal component

comprises cobalt is used in the linear alpha olefin reactor of the invention and

this typically excludes the use of iron in the catalyst. Some of the synthesized

hydrocarbons will be liquid, some solid (e.g., wax) and some gas at ambient -

conditions of temperature and pressure, particularly if a catalyst having a

catalytic cobalt component is used. Slurry Fischer-Tropsch hydrocarbon

synthesis processes are often preferred for producing relatively high molecular

weight, paraffinic hydrocarbons when using a cobalt catalyst, but not for

producing the linear alpha olefins. The H,:CO mole ratio for a hydrocarbon



Fi scher-Tropsch synthesis catal yst, at reaction conditions effective for the
H2 and CO react to form hydrocarbons under shifting or non-shifting
conditio For the |linear al pha olefin synthesis process of the invention,
non- shi f{l%rﬁj"'t’ﬁ(ﬂﬁ'?(‘t ions and anon-shifting catal yst arePGEERMIN6EMeans
that less than 5 and preferably less than 1 wt% of the COin the synthesis
gas feed is converted to CO2 in one pass of the synthesis gas through the
reactor. Fischer-Tropsch types of catapysts for hydrocarbon synthesis my
conprise, for exanple, one or nore Goup VIII <catalytic nmetals such as Fe,
Ru Co, and N, and optionally one or nore prormters such as Re, Pt, Th, Zr,

, on.a su e _inorgani p material, preferably one
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be liquid, some solid (€.g., wax) and sone gas at anbient “conditions of
t enper at symthesisl gps.essure, particularly if a catalyst having a catalytic
cobalt component is used. Slurry Fischer-Tropsch hydrocarbon synthesis
processes are often preferred for producing relatively high nol ecul ar
wei ght, [032)f i rifigurey Uioa aivipplebladieflowsdiagran ofhastindsaloak iiear blphanot f or

producing the linear_ alpha olefins. The H2: CO nole ratio for a hydrocarbon
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li near al pha-olefin reactor 12, which synthesi zes C20 Finear aI pha

ol ef i ns MM, and CO is passed, via line 18, from a synthesis gas generating unit (not

shown) which inciudes gas clean-up to remove suifur, HCN and NH; from the
gas, into,reactor 12 which contains one or more fixed beds of the non-shifting -
Fischer-Tropsch catalyst. In this illustration, the catalyst comprises unsupported,
rhenium promoted, particulate cobalt. In reactor 12, the H; and CQO in the
synthesis gas react in the presence of the catalyst to form linear alphz; olefins,
including C4-Cyp linear alpha olefins (and also saturated paraffins). Reactor 12
operates at reaction conditions that meet the criteria for the Condition Factor
(CF) to be greater than or equal to 50 which, in this non-limiting illustration,
includes a synthesis gas H,:CO mole ratio of 1:1, a CO conversion of 12-15%, a
temperature of 205°C, a synthesis gas feed space velocity of 38,000 V/V/hr, a
pressure of 2000 kPa. The synthesized hydrocarbons and unreacted synthesis
gas pass down out of the reactor and are removed at the bottom by line 20. The
mixture of hydrocarbons and gas passes into separation unit 14, in which the gas
is separated from the hydrocarbons and the hydrocarbons are separated into a
Cyo. fraction and a Cy, fraction. The unreacted synthesis gas is removed from
14 via line 26 and recycled back into hydrocarbon synthesis reactor 12, via line
18, in which it mixes with the fresh synthesis gas feed coming from the synthesis

gas generating unit. Some of the gas is purged via line 28, to prevent build-up of



al so ot her hydrocarbons such as C4-C20 paraffins and internal olefins, C3_
and C21+ hydrocarbons, etc.) and separation units 14 and 16. Synt heS| S gas
conpris- ing H2 and COis passed, via line 18, froma synthesis gas

gener at i ndVAAMH/0083¢  shown) which includes gas cl ean- upPETUSEWBNESYLI f ur,
HCN and NH3 fromthe gas, into reactor 12 which contains one or nore fixed
beds of the non-shifting Fischer-Tropsch catalyst. In this illustration,
the catal yst conprises unsupported, rhenium pronoted, particul ate cobalt.
In reactor 12, the H2 and COin the syhthesis gas react in the presence of
the catalyst to formlinear al pha olefins, incl udi ng C4-C20 |inear al pha
olefins (and al so saturated paraffins). Reactor operates at_ reaction
condi t i on&ormaKy gawous hydeecarbensyergyr Ci62) GoH: fteFMﬁle@ét dhe HefFPto be
greater t illustration,
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14, in whilisttatiengiasl:1i Sepapaioatedt 14 oontahrs thy decesaboosolarsdandhe
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recycl e gagpardied vileGo used!t6 hivatididy thé\féeheaa%muﬁﬁsnss t@ﬁ&r@é@dﬂ@%mﬂ the
synthesis gas generator is adjusted so that the m xture of the fresh
synt hesi s pgasured the satéringhs feahbeing pgssedaats macldt, lloﬁh@llqmd-liydmel COin

the desired H2: CO nmole ratio which, .in this |IIustrat|on is 1:
Separ at | ofaiMeNE anealse seRATALdiRd dtey: BrastioRationonts thedag+ ydrocarbons and

the linear alpha olefin-containing Csy. fraction. The Cyo. fraction is removed
from 14 via line 22 and passed into linear alpha olefin separator 16.- The Cyq,
fraction is removec‘l from 14 via iine 24. In unit' 16, the linear alpha olefins are
separated from the other components of the C,q. hydrocarbon fraction. There are
several methods known in the art for recovering linear alpha olefins from
Fischer-Tropsch synthesized hydrocarbon streams and any of these methods is
applicable for the recovery of the product C4-Csq alpha olefins of the invention.
Typically, the linear alpha olefins are selectively converted into another entity,
like ethers (c.f., German patent publications DE 19825295 and DE 19833941) or
metal alkyls, like alkyl aluminum (US 5,877,378). These chemically
transformed linear alpha olefin derivatives in turn are separated from the rest of
the unconverted C,q. hydrocarbons, such as paraffins and internal olefins, etc., by
fractionation. Finally, the separated linear alpha olefin derivatives are
chemically converted back into linear alpha olefins. The linear alpha olefin
products are removed from the linear alpha olefin recovery unit 16 via line 30
and the rest of the Cyg. hydrocarbons via line 32, from which they are passed into
line 24, in which they are combined with the C,;, hydrocarbons. Line 24 passes

these combined C,,, and Cyq. hydrocarbons to further processing.



separator druns to condense the water and hydrocarbons produced by the
synthesis reaction and to and separate the water, unreacted synthesis gas
and gaseous hydrocarbons, and liquid hydrocarbons. |If desired or necessary,
the separated water is used to humdify the feed gas, inline 18, to

I ncrease the partial pressure of the water in the feed being passed into
reactor 12. The liquid hydro- carbons are also separated in 14 by
fractionation into the C21+ hydrocarbons and the |inear al pha

ol efin-containing C20. fraction. The C20_ fraction is renoved from 14 via
line 22 and passed into |inear alpha q#pfln separator 16. The C20" fraction
Is renoved from14 via line 24. In unit 16, the linear al pha olefins are
separated fromthe other conponents of the C20. hydrocarbon fraction. There
are several nethods known in the art for recovering |inear alpha ol efins
from Fischer-Tropsch synthesized B drocar rea and of these

net hods i s[0033pI i daFigure &y an msegrate \ylw EHI@E& al pha ol efins

conver ted FREBR A Ty ERi Qe boiypRER ‘Wﬁ?‘ﬂ%ﬁﬂ%‘ﬁ‘iﬁﬁf”ve' ’

publicati o?n@&:slﬁ%ﬁoiai mwh@&amﬂamunm 16 R edctarl lmmluimu al kyl
al um num (US 5,877,378 These chem cal | transf (ilr ned | i near al pha ol efin
faa

derivati veMﬂGMﬂCéﬁ@ﬂﬁmfﬁ"éﬁlf posseithe flowdines #8Bverted C20

Y act onat AbR #iREBEE T, Sy FOhdcB R GhoRsGuehios 72 Comaliha, | o o1
chem cal | y hg@roéasboadhirae withill in whishds dispafsed alpafdoulats Fisthet-Toepschal pha

ol efin products are renmoved fromthe |1 near alpha.olefin recovery unit 16
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16. React o3y 1hepNeysUg558 564, US 6,331,575, In this embodiment, a synthesis gas feed

comprising H, and CO in a 2.1:1 mole ratio is passed up into reactor 52 via line
54. Reactor 52 operates at an alpha of > 0.9 and produces mostly (¢.g., = 90
wt% paraffins), including hydrocarbons boiling in the fuels and lubricant ranges.
The CO conversion in the reactor is 80 % in a single pass. The synthesized

hydrocarbons that are liguid at the reaction conditions are separated from the
catalyst particles in 52 via filration (not shown) and removed from the reactor
via line 56. The unreactad synthesis gas, which now contains H; and CO in a
lower than 2:1 mole ratio (preferred for linear alpha olefin synthesis), is removed
from the reactor via line 58 and passed into linear alpha olefin synthesis reactor
12. Some of the hydrocarbon synthesis reaction water may be removed from the
unreacted synthesis pas, to adjust the water vapor pressure in the linear alpha
olefin synthesis gas feed stream S8, to the desired level. Most of the C,,
hydrocarbons are also removed before the gas is passed into reactor 12. Reactor
12 and umits 14 and 16 are the same as for Figure 1, and their operation and
function need not be repeated here. Thus, the linear alpha olefins produced in
reactor 12 are removed from 16 via line 30. However, the other Cyg. and Cyq.
hydrocarbons synthesized in 12, and removed from 14 and 16 via lines 24 and



and 16 are the sane as in Figure 1, as are the flow |lines having the sane
nunbers as in Figure 1. Slurry hydrocarbon synthesis reactor 52 contains a
hydrocarbon slurry within in which is dispersed a particulate

Fi scher - TMEpEWWOM8YGr ocar bon cat al yst conpri si ng rheni unPeTOSBOYMMEYEDal t on
atitania support (e.g. 11 wt% Co and 1 wt % Re, based on the total catalyst
wei ght). Exanples of useful catalysts for hydrocarbon synthesis are

descri bed, for exanple, in US 5’945’4§§u US 5, 968,991, US 6,090,742, US

6, 136, 868, US 6, 319,960, US RE 37,406E; US 6, 355,593, US 6,331,575. In this
enbodi nent, a synthesis gas feed conprising 1 and COin a 2.1:1 nole ratio
I's passed up into reactor 52 via line 54. Reactor 52 operates at an al pha

ﬁf da 0. 9béadaﬁ rrbfiigyég lhwﬁlgafsﬁvéi wto ng léobiw%qhalha? sy ithithe ligwidng

rocar bgn oiling in the fuels. a ricanf ranges. ..The, CO conversion
"t b 1 0B B R OB C T & e Do ST B B2 ) B JE s ¢ hat
are |iqui (i|s ﬁg%[zg?o {]E%&Bﬁ%{)ﬁg%gilg%ons are separated fromthe catalyst
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| ine 56. The unreacted synthesis gas, which now contains Hz and COin a
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generate a synthesis gas, from natural gas, comprising a mixture of H, and CO

having a 2.1:1 mole ratio, by a combination of partial oxidation and steam

reforming. Part of this gas is fed into unit 64 via line 76. The hydrocarbon

synthesis unit 64 contains one or more hydrocarbon synthesis reactors producing

hydrocarbons boiling primarily in the Iubricant oil and fuels boiling ranges.

Each reactor contains a hydrocarbon synthesis catalyst such as, for example, a

rhenium-promoted cobalt catalytic component supported on titania. The unit

{ also contains heat exchangers and separation drums for cooling and separating

out the synthesis reaction water from the C,, hydrocarbons in the gas. The

synthesized C,, hydrocarbons are passed, via line 78, from unit 64 to hydro-

carbon upgrading unit 66. Unit 66 contains one or more fractionators, as well as

one or more hydrotreating reactors, such as isomerization units to lower the pour

point of the paraffinic hydrocarbons. The upgraded hydrocarbons are removed

from 66 via line 67. A synthesis gas slip-stream is withdrawn from line 76, via

line 80, and passed into unit 68. Unit 68 separates hydrogen from the synthesis

gas to produce a stream of CO-enriched synthesis gas, which is removed from

68, via line 82. The H,:CO mole ratio in this gas stream is such that, when

mixed with recycled, unreacted synthesis gas from reactor 12, the H,:CO mole



hydr ocar bons renoved fromthe hydrocarbon synthesis reactor 52. This m xture
I s passed to upgradi ng operations. [0034] Turning now to Figure 3, an

i ntegrate gnversion plant 60 conprises a synthesi ener ating
unit 62, gvﬁéﬁ?*@'cf’gygon synthesis unit 64, a hydrocar bon%’ﬁﬁafsig'f:’rﬁ"d(’@ﬁit 66

and a hydrogen separating unit 68, along with a I|inear alpha olefin
hydr ocar bon synthesis reactor 12 and associ ated |inear al pha ol efin product
separation units 14 and 16. Units 12, -12%- 16 and associated flow lines are

the sane as in Figures 1 and 2. Natural gas, oxygen and steamare fed into
the synthesis gas generating unit 62 via lines 70, 72 and 74, respectively,

Lo gener dgodbi g lashss ffttrinf 12T g@b&fﬁh%@:@%ﬁ o0@rndd Xgur e of H,

and CO having a no a conbi nation of partial oxidation and

steam r ef gidvirdge ﬁfé’f&iatﬁ?ﬁ abbiitsl : 92 Hi$ cdRBiredifeed Birka®dds Pagsediine the.  The
hydrocarbon synthesis unit 64 contains one or nore hydrocarbon synthesis

react ors palphaoiefin synttesis agdvtors] Jwial limeg8%r Resctor \ 2iaperdtes autgatidamt oi | and

fuel s boiling. ranges. Each reactor cgntains a_ hydrocarhon sy td;esi S
cat al yst seRINlians, @gan %ﬁ@b@@l@emm&igwba@irmcﬁadw%sﬂ@w zrgi male
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hydr ocar bdns are passed, via line fromunit ro- car

upgr adi ng yieid which, Wddg ®&haReuatdastcdSniiesiPE, is padse@MabepBati@s unt! | as
one or nore hydrotreating reactors, such as isonerization units to | ower the

pour poi nt4,ofiaiine 20arlifthé¢ desireidyaphe alefimfsactidrefalisgnabe dafbpdrouabdrons ar e
renoved from 6? via line 67. A synthesis gas_ slip-streamis wthdrawm from

line 76, ViaBEE O Ao, biiPreiasieddoimaks hyfirpcabongpm reastorsklobahbetl hydr ogen
whi ch i's rinoaan By R Pk bRRe s TuSh VR b e WS MR8 0ae
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synthesis gas separated in 14 is passed via line 26, back into line 82 in which it

mixes with the CO-enriched gas formed in 68. As in Figures 1 and 2, a portion '

of the recycled gas is purged via line 28 and is used as low BTU fuel gas or

reused for synthesis gas generation in 62. The C,,, hydrocarbons produced in

12, and separated from the C,q. linear alpha olefins in 14, are removed from 14

via line 24 and passed to line 78, for further processing in unit 66. The linear

alpha olefin product of reactor 12 is removed from unit 16 via line 30. Line 32

passes the Cyp. hydrocarbons separated from the Cjp. linear alpha olefins to

further processing for naphtha and low BTU value fuels.

[0035] At least a portion of the hydrocarbons produced by a hydrocarbon
synthesis process, including the saturates produced by the linear alpha olefin
production process according to the invention, are upgraded to more valuable
products. The upgrading comprises one or more of fractionation and conversion,
By conversion is meant one or more operations in which the molecular structure
of at least a portion of the hydrocarbon is changed and typically in the presence
of a catalyst. Hydrotreating is a conversion in which hydrocarbons are reacted

with hydrogen in the presence of a catalyst and includes, for example, hydro-



24 ratio of the feed gas entering 12 is lower than 2:1, preferably | ower
than 1.8:1 and nore preferably about 1:1. This conbined feed streamis
passed into the aIPha olefin synthesis reactor 12 via |line 82. Reactor 12
oper at es YO PWAE33h conditions, as in the enbodi nent oPCEU§I&068%nd
includes the low H2: COnole ratio in the feed gas, to satisfy the

requi rement of the Condition Factor being greater than or equal to 50.
Reactor 12 produces |inear al pha olefjqns. at a high yield which, along with
the unreacted synthesis gas, is passed to separation unit 14, via |ine 20.
If the desired al pha olefin fraction falls in the carbon nunber range of 4

to 20, it.is preferred, to ke rocarbons i n reactor t hat  Dbpoi |

primaril ylSPH’e%"F@f‘ﬂ%»chHﬁcr n@l%%&‘?‘:@é‘@%ihﬁﬁ@e ‘é‘ﬁ%sajﬂz ‘_:I%éjiuf‘f[_ Ygen _
separ at ed ﬁcﬂtiH{m‘é g'eﬁq(ﬂo%ﬁpﬁﬁfh‘éqité&tﬁlj&e 19%AE esa{egpef HRANIEhREn UNI T 66, via
line 84. Unreacted synthesis gas separated I'n 1471s passed via |ine 26,
back i nt ochiveesiBR alsd 1effére o ChemidagSrddidy thegineat smwacdl@ﬂngaﬁse(}mgted in 68.
As in Figures 1 and 2, a portion of the recycled gas is purged via line 28
and i s ustemfronotheRNhef pdrogarboas in teusgpdrdted Gy Hesitongasd geatengt i on i n
62. The C21 hydrocarbons produced in 12, and separated fromthe C20. |inear
al pha ol etherféparptedimatgrial te gonerrt itrbaek 1 the desirgd knear alphp pledidied to 1ine 78,

for furth it 66. -The | .al pha ol efi t of
ronct or 1870 Boe U ABIA BRpRe. jacing e eifiedid S melu B ign oo,
hydr ocar bg@camgrnﬁ%ﬁ%geagm ,pe C20_ linear alpha olefins to further

or

processin nap a an ow BTU val ue fuels. [0035] At |east a portion of
t he hydrocarbons produced by a hydrocarbon synthesis process, including the

saf ur at esiqRduCesh it bigod WIRd. 18RRI WIRIUEHLAR Bifgess accor ding

to the inven are upgrade o nore valu products. e upgradi ng
conpri seseffifiples bl of fractionation and conversion. By conversion is
meant one or nore operations in which the nolecular structure of at |east a
portion of the hydrocarbon is changed and typically in the presence of a
cat al yst . Elydv®PIIBating i s a conversion in which hydrocarbons are reacted

[0037] In all of the examples, the reactors were downflow, isothermal tube
reactors containiné a fixed bed c;f particulate catalyst (particle size below 80
mesh), held in place by quartz wool. The catalyst bed was diluted with below 80
mesh quartz or S1C to ensure isothermal conditions. In all cases they were
operated at a total pressure of 20 atmospheres (2000 kPa), with a synthesis gas
flow rate of either 6,000 or 40,000 V/V/hr. The synthesis gas fed into the reactor
comprised of H; and CO as the reactants, along with Ar and/or Ne as a diluent
and internal standard for establishing mass balances. An He diluent was also
used to balance the total pressure of the reactants and internal standards. The
mass balances were calculated from the feed flow rates combined with feed and
product compositions obtained by gas chromatography (GC) or GC-mass-
spectrometric (GC-MS) analysis. CO conversions were calculated by known
methods of using internal standards. The Hewlett-Packard 5890 GC and Balzers
TGG 300 MS coupled to the Hewlett-Packard 5890 GC (GC-MS mode) were
calibrated using certified gas blends. The H; to CO mole ratio varied from 1:1 to
more than 2:1. The CO conversion was adjusted in all experiments to the target

12% level by adjusting the feed rate. In two of the runs, those of Examples 7



wi th hydrogen in the presence of a catalyst and includes, for exanple, hydro
WO 20114/ 160836 PCT/ US2003/ 1136896 -25- isonerization, hydrocracking,

hydr odewa refining, all conducted at conditions _well known in the
literatur )&ngu{ﬂiﬁ@b ontext of the invention, conversi oan&iTé'észf"é}f“EP%)“to
chemcally treating the linear alpha olefins to separate themfromthe

ot her hydrocarbons in the separated C4-C20 fraction and treating the
separated material to convert it back 126 the desired |inear al pha olefin
product, by any suitable neans, including the etherification and netal

al kyl ati on procedures nmentioned above. [0036] The invention wll be further

UnGer SL00G § ing €48 ARS6 sk Sne SYATRR i ol Ol EXANBLES: 11 QAo 1 al | of

t he exanpl es ere wer e sot reactors’

cont ai ni ngw %Rt ﬁﬂqyef: uBed rd;mk@ﬁ&q:ﬁip@,bu anfcr@mdrpé)qnﬁeswnbglsmwo

mesh), held in place by quartz wool. The catalyst bed was diluted with bel ow
80 nesh cayathemma&cﬁ ﬂ&:eanstmfethemhhrylm[ﬁxan@esl{ﬁmsed an ankuppsesl,t hey
were operated at a total pressure of 20 atnospheres (2000 kPa), with a

synt hesi s IjaBlum-psmeadecalfalicgatalyst. 6T ig Gatyov apreparedby iMPELsaingesi s gas

andi or - Ne 400l BRTAREICH 2hdCT KL LRSS P GO R S a REoE Rede”
bal ances. -, fig Eb U SUR%d'\98 ptiRGdl S, BRLGNGS 589 J BF ehaRERRSHiE of the

reactants ‘and &rna nass re c ed from
the feed fi gwlieariml@w@(ﬂadve%m)fiﬁ@m gt dlgﬂwdm{d 4QbRReEWABE ARt ai ned by
gas chr omat ography (GC) or GC-mass- spectronetric (GC-Ms) analysis. CO
conver si oramowteo{ .8 glaftthid sojuticmpwas shovlyadidedf withi cogsiant exiridg, 46 andar ds.
The Hewl ett - Packard 5890 GC and Bal zers  TGG 300 MS coupled to the

Hewl et t - Pa‘i%lgd) fobmacien S(lmmlhmglerme%e exethepnigreacien wgs centrolledd gas

bl ends. beey stlow ngmon rartéi Eullc? stuz%'{rllged'l“;x Bqdltlon took place over thirty

minutes. The treated cobalt powder was then dried in air at 60°C for four hours.
The dry powder was then calcined using 1 vol% oxygen in dry nitrogen, by
slowly ramping, at 2°C/min to 300°C and then held at 300°C for one hour. After
cooling, the dry powder was loaded into the reactor for the hydrocarbon
synthesis runs. The conditions and results of the eight runs are summarized in

the table below.

Example 1

[0038] In this experiment, the reactor was operated at 210°C, the mole ratio
of the H, to CO in the synthesis gas feed was 1:1 and the unsupported cobalt
catalyst described above was used for the synthesis. The partial pressure of both

the H, and CO in the reactor was 500 kPa. The CF value in this experiment was
59.

Example 2

[0039] In this experiment, the effect of temperature was tested by operating
the reactor at 221°C. All other conditions were the same as in Example 1. The

CF value in the experiment was 52,



nore than 2: 1. The CO conversion was adjusted in all experinents to the
target 12% 1l evel by adjusting the feed rate. In two of the runs, those of
Exanpl es KN§§%%%O%%060836 PCT/US2110 3 /113 6 8 9 6 -26 and 8, the catal yst
conpri sed T RENHHP orot ed cobalt on titania (I 1 wt % CoPCT/USIMHONER6 of | he
type used for Fischer-Tropsch hydrocarbon synthesis in a slurry synthesis
reactor. The rest of the exanples, Exanples 1-6, used an unsupported,
rheni um pronoted cobalt catalyst. Thisogatal yst was prepared by inpregnating
cobalt powder with an activating solution of cobalt nitrate and perrhenic
acid. The inpregnation solution was prepared by dissolving 26.3 g of
Co(N®B)2 and 2.3 g perrhenic acid (54 % Re) in 9.4 g of distilled and

dei oni zed water. An anount of 34.8 g of this solution was sl owy added,

W th consiﬁﬁﬂuﬂﬁging, to 50.2 g of 2 micron size''cobalt powder. The
exotherm c reaction was controlled by the slow addition rate and stirring.
The addition took place over thirty mnutes. The treated cobalt powder was

then dri ed094Plai rIndinsserpernentothe ¢fient of therHe: (P yap wiretesied: then cal ci ned
i 1 | % ind it . D | i t 2C/. m 300C

S T

| oaded i . : - ! as

and resul 12 BRCHIAEEN preSiurbs Sl GBI POkP oLl PR IPa i SeaiVafy CR0 1l &

[0038] | nTHRICGE ¢XxReTbP Y rurl Was Kgact or was operated at 210C, the nole ratio
A of the H2 to COin the synthesis gas feed was 1:1 and the unsupported

cobalt catal yst descri bed above was used for the synthesis. The parti al
pressure @xappiid4 the H2 and CO in the reactor was 500 kPa. The CF value in
this experiment was 59. Exanple 2 [0039] In this experinment, the effect of
tenperature was tested by operating

[0041] Inthis experiment, the effect of the total synthesis gas pressure was
tested. The reactor was operated at the same conditions as in Example 1, except
for the partial pressures of H, and CO in the reactor feed , which were both only

250 kPa instead of the 500 kPa in Example 1. The CF value was 59.

Example 5

[0042] The effect of HO vapor in the feed gas was demonstrated in this
experiment. The reactor was operated as in Example 3, except that in this run
400 kPa steam was added to the feed gas by replacing an equal concentration

" (partial pressure) of the inert diluent in the feed. The CF value in the experiment

was 63.

Comparative examples 6, 7, and 8 (outside the scope of the invention)

Example 6

[0043]  This experiment demonstrates that redu¢ed CO conversion alone will
not ensure high olefin selectivity, if the CF value 1s not above 50. The
respective partial pressures of the H, and CO in the reactor were 1000 kPa and

500 kPa, providing a H,:CO ratio of 2:1 in the dry feed gas. The CO conversion



the reactor at 221C. Al other conditions were the same as in Exanple 1. The
CF value in the experinent was 52. WD 2004/ 060836 PCT/ US2003/ 036896 27
Exanpl e 3,4} this experinment, the effect of the H2; ati g was

t est ed. T&@Qﬁl@h»g{i&%ﬁ was operated at the sane conditi ons?paf“s%#"%fﬁ)’f‘e 1,
except for the feed H2 and CO partial pressures, which were 500 kPa and 250
kPa, respectively. The CF value for the run was 51. Exanple 4 [0041] In
this experinent, the effect of the totdB-synthesis gas pressure was tested.
The reactor was operated at the sane conditions as in Exanple 1, except for
the partial pressures of H2 and COin the reactor feed , which were both
only 250 ykeRaet 51290 jt ak 18 EXQhpiER1 i Eiidphserdturd has@20@, UFhvas 59.
Exanpl e 5 [0042] The effect of HZO vapor in the feed gas was denonstrated in
this expevermhCF vhlee iredid experhpenipeasd®d as in Exanple 3, except that in
this run 400 kPa steam was added to the feed gas by replacing an equal
concentration (partial pressure) of the inert diluent in the feed. The CF
val ue in Bxanpiedri mrent was 63. Conparative exanples 6, 7, and 8 (outside
the scope of the invention) Exanple 6 [0043] This experinment denonstrates
that reduced CO conversion alone will not ensure high olefin selectivity,

if the CF[0@d4]e i thid exiraem) theldwalysewpedifferenpfioim dlospnssdin es of the H2
and COin_the reactor were 1000 kPa and 500 kPa, providing a H2: CO rati o of
2:1 in t hExgmpleebd spbcompysabtheaheaign-promote colmluy(liliwt 6l wt%

PCT/ USZOO?{ES)SGB?& 28 '

catalytic component supported on titania. The reactor was operated at the
same conditions as in Example 6: 220°C, the mole ratio of the H, to CO in the
synthesis gas feed was ‘I2:1 and the respective partial pressures of the H, and CO
in the reactor were 1000 kPa and 500 kPa, respectively. Consequently, the CF

value in the experiment was also the same as in Example 6, i.e., 45.

Examplé 8

[0045] The same rhenium-promoted cobalt on titania catalyst used in

Example 7 was also used in this experiment. The reactor was operat‘ed ata

similar temperature of 219°C, the mole ratio of the H, to CO in the synthesis gas

feed was about 2.2:1 and the respective partial pressures of the H, and CO in the

reactor were 1420 kPa and 650 kPa. No H,O vapor was used in the feed gas. -
However, while the CO conversion for Examples 1-7 was low, only 12%, in this
experiment it was closer to typical hydrocarbon synthesis conditions, namely

61%. The CF value in this experiment was the lowest, 15.



was set to 12% just as in Exanples 1-5. The tenperature was 220C. The

over al |

experi ment
conpri sed
conponent supported on titania. The reactor was operated at the
conditions as in Exanple 6: 220C,
synthesis gas feed was 2:1 and the respective parti al

VRe

CF value in this experinment was 45. Exanple 7 [0044]
the catal yst was different fromthose used in

In this

200WHE36m pronot ed cobalt (11 wt % Co, 1 wt % PRIYUSBAAISHRS C

sane

Exanpl es 1-6 and

the nole ratio of the H2 to COin the
pressures of the H2

and CO in the reactor were 1000 kPa and 500 kPa, respectively.
Consequently, the CF value in the experinment was also the same as in
Exanpl e g—1e—+—45—bEarphe—8100645The—psare—fthenipunyprototed—coba on
titani a ¢&EkplysTatalgad Hﬂmpﬁ)(@@l ePZuv»BePCaI 5 CHrs hHquGr ﬂknllsarex};slbmené/ The
reactor Jag ¢perated SoRy ] lar tenperagure 219 C-tug, ol goesmt i @ of
the H2 td T The Syntpe |s%gaskpbe5$£s abouq\P{z Tognd The Tespective
partial - -5 550
kPa. No HRO or was juseg |i m2t hie shged spgs| sdiopeger|, wgill e the o)
conver si ¢gn for_EXanpl "7 Was ow, onry (2% | Thi'S expefiment frjwas
closer t@2tylfieal hydrlo@at Horl?syinBABs) $08ohdd3 i hnd, y  61%1.76e
val ue in|thi xper i mgnt, s hhe | St, 15.ﬂ/\\0 2004/ 06Q836
PCT/ US21 .§113 E(;\afgﬁo"%a 2@‘1@ ;rJCat °{5§§£ Té%a —0 Hg fco %—’8‘* 'QL‘l lsal kene
1-octenefld #|{@®ny. in |[C21@H det ane@50C #5RPp $Pa| kPa |% | 6€0 210 1£9500| 500 59
0 61 1.92_ 2 221 12 50 2 62 1.7 Co 210 12 500250 0| 55
1.18 4 N 2 12 250 92g9dq1% 45@9 2%0 P &? 40& %6 Lg&

6 |Co 220 | 12 11000 500 ;| 45 0 26 0.32

( 7 {Co-RefTiO, | 220 | 12 | 1000 | 500 | 45 0 35 0.34
§ |Co-Re/TiO, { 219 | 61 | 1420 | 650 | 15 0 18 0.13

*Note:CF = 200 - 0.6T + 0.03Py0 - 0.6Xco - 8(H,:CO)

where,

T = average reactoy temperature jn °C

Puyo = partial pressure of the water in the synthesis gas feed to the reactor in kPa

Xco = CO conversion, expressed as percent

H,:CO = Hydrogen to CO molar ratio in the synthesis gas feed to the reactor

[0046]

In Experiments 1-5, all of which fall within the scope of the invention,

oxygenate selectivity was negligible, in that no oxygenates were detected in the

synthesized C4-C,o hydrocarbon products by gas chromatography using a flame-

ionization detector. CO, selectivities were also negligible in all runs, typically

around 0.5% or less, clearly affirming the non-shifting nature of the cobalt

catalysts used.

[0047]

Referring now to the data in the Table, it is seen that Examples 1 and

2 were both run at an H,:CO mole ratio of 1:1, with the partial pressure of both

the H; and CO being 500 kPa, but at different temperatures. Comparing the

results for these two runs reveals that both temperatures produced about the

same amount of linear alpha olefins in the C4-Cjo hydrocarbon fraction



5 Co 210 12 500 250 63 400 66 1.99 6 Co 220 12 1000 500 45 0 26 0.32 7
Co-Re/ Ti O2 220 12 1000 500 45 0 35 0.34 g'V Co-Re/Ti 02 219 61 1420 650 15 O

18 0.13 W%uﬁim‘{%ﬁm: 290 0 0ot o3Py - 9. 6xco - 8(%’%%'8%0%@ iI Che

average reactor tenperature in C PH20 = partial pressure

synthesis gas feed to the reactor in kPa Xco = CO conversion, expressed as
percent H2: CO = Hydrogen to CO nolar ratio in the synthesis gas feed to the
reactor [0046] In Experiments 1-5, al$0of which fall within the scope of
the invention, oxygenate selectivity was negligible, in that no oxygenates
were detected in the synthesized C4-C o hydrocarbon products by gas

chr omat og¢afiYsiHsd i rEh@tBE'su'ggé‘étﬁ%t%/ RNaBeL19GHAN e FER elsegfp&é{hfé &% were

al so negli‘gible in a runs, typica around 0. 5% or , Clearly

af i r m ngthiehdph®oledti §dledtivinyat Thielotertdyatltsialenpes atusd B 2$0US pebdided4 7]
Referring now to the data in the Table, it is seen that Exanples | and 2
wer e bot ha slightdy goeaterseb®tivtydfor &ksilimeat alphn olafing, Orveralhritavedveprtbisur e of
both the H2 and bei ng 51;)0 kPa, but at different tenperatures. Conparing
the resufeEPRIGFON HS thad the Fractien LmBeraRie B8ihe Yssrier adieiEE Mo duced

Fracti on Ve oar TigR Ry it aia 8 s dubresiheyfe o SR e AA62L"Tn (e

reactor, lﬁéa%ﬁﬁ&i)“ﬁ’ltﬁeﬁ@ﬁ@fwﬁi' apes! effect of tenperature on the al pha
elo

olefin selectivity. Th wer synth8sis tenperature of 210C produced a
slightly greater selectivity for C8 linear al pha olefins. Overall, however,

i ust | g R R e R R K e he tota
al pha ol efrom yiledsito 2:1 resulted in a significant decrease in the linear alpha olefin

content of the synthesized C4-C, hydrocarbon fraction, from about 62% down to

55%, with an even greater decrease in Cg olefin selectivity from 1.92 down to

1.18. The reduced alpha olefin yield and selectivity correlates well with the

borderline CF value of 51. This example also clarifies that low CO conversion -

alone is an insufficient condition for high alpha olefin selectivity and yield. On

the other hand, the value Condition Factor a of the invention can define the

operating conditions and predict the high alpha olefin yield.

[0049] A comparison of the Example 4 results with those of Example 1,
which differ only by the pressure of the H, and CO reactants, shows that
changing the partial pressures of both the H; and CO reactants in the feed does
not adversely effect either the total fraction of linear alpha olefins in the C4-Cyq
hydrocarbon fraction or the selectivity for Cs linear alpha olefins. Comparing
the results from Examples 5 and 3 clearly demonstrates the beneficial effect of
adding H,O vapor to the feed gas. The 400 kPa water in the feed gas
compensated for the higher H;:CO mole ratio of 2:1. Thus, the linear alpha
olefin content of the C,4-C,p hydrocarbon fraction jumped from the 55% results
of Example 3, up to 66% in the run of Example 4. At the same time, the
selectivity for the Cg linear alpha olefin increased from 1.18 up to 1.99, an

almost two-fold increase. Again, this example demonstrates that the selection of



particularly in the |ower boiling range. [0048] The Exanple 3 results reveal
that increasing the H2:COnole ratio from1:1 up to 2:1 resulted in a
significant decrease in the linear al pha olefin content of the synthesized
C4- Cl O hy Y @2UHMH6836 r acti on, from about 62% down to 55%PCWUSENONN3GEWEN
greater decrease in C8 olefin selectivity from1.92 down to 1. 1 S. The
reduced al pha olefin yield and selectivity correlates well wth the
borderline CF value of 51. This exanplejalso clarifies that |ow CO
conversion alone is an insufficient condition for high alpha olefin
selectivity and yield. On the other hand, the value Condi tion Factor a of

th t fi th t dit di ct h

al pha of ot bePiTETe Cpapt Ror AR L BTEiRle RS TPRelm Gt (h %l hose
f Ex I f : d CO ,
Chows. { hat e P aa PR 5?""*8@??%‘2@6%?5‘63“@%ﬁ*‘@‘ﬁ@gf CO reactants

in the feegvegdion haw%%@\aﬁfesgeme?ftﬁsﬁpér &juah gy 50 fteant;sabaidefﬁ@ﬁtyl@lﬂs@ff I'i near

al pha olefins in the C10 " hydrocar bon fraction or the sél ectivity for C8
| i near al pieadesiwetilnwear Glphpcolefigs. the results from Exanples 5 and 3 clearly
denonstrates the beneficial effect of adding H2O vapor to the feed gas. The
400 kPa water in the feed gas conpensated for the higher H2: CO nole ratio
of 2:1. THoaS0]t heComparatival Phramples &8 wecoall enn avthet lngh€re@tiohydr ocar bon
fraction junped fromthe 55%results of Exanple 3, up to 66%in the run of
Exanpl e 4 lemperafie o gbouny %%0°Qh@dtfseelpé9cdwabiﬁ mhqrﬂée@maﬁ@@ﬁ m@ipha ol ef in

i ncreased fro

exanpl e dé‘?ﬂfhé% ta@?@glbl?h’;?c{ ‘%1‘1%@?%8@%{73@%8319 Wigﬂ? Iggrg{ﬁ%g%)% fgaLn. this
PCT/ US2003/, Q3689 stra%clthaltgﬁt ?xfa%rlé ae&wlb!p@?}gpﬁgrdrgggw thaear al pha

ol efins is not VI ous an sel'ecting I'ons which result
in a Cond'Gdn@ﬁxd?ﬁEicﬁbr fllsthidowl thy efiticalnvahey b0 2 Thak Wk E@apare thean or equal

to 50, can provide high yields of the desired |linear al pha ol efins.
unsupported rhenium-promoted Co catalyst with the rhenium-promoted cobalt
(11 wt% Co and 1 wt% Re) on titania catalyst used for Fischer-Tropsch
hydrocarbon produoction. At the same CO conversion level of 12%, the
supported Fischer-Tropsch hydrocarbon synthesis catalyst of Example 7
produced more linear alpha olefins than did the unsupported Re-Co catalyst of
Example 6. This has two has consequences. The first is that a conventional,
supported Fischer-Tropsch catalyst can be used for linear alpha olefin
production. The second is that the reaction and feed conditions in a Fischer-

/ Tropsch reactor, that is on-line synthesizing distillate fuel and lubricant oil
hydrocarbons with a supported cobalt catalyst, can be adjusted to increase linear
alpha olefin production without taking the reactor off line to change the catalyst,
and vice-versa. Thus, if a Fischer-Tropsch hydrocarbon synthesis process plant
is in existence or planned, another synthesis unit for producing linear alpha
olefins can be included, without the need for a separate unit or plant for
producing the hydrogen and carbon monoxide gas mixture. Linear alpha olefin

synthesis can be accomplished by setting the operating conditions so that the

earlier value of the Condition Factor is greater than or equal to 50.



[ 0050] Conparative Exanples 6-8 were all run at the higher reaction
tenperature of about 220C and the | ess desirable, higher H2: CO reactant nole
rati o of -1, at both low (12% and high (61% CO conversion. These
runs denng‘ys?#@tg@&{sfi(ét the al pha ol efin selectivity abrupfFyU§rY843eRAen t he
Condition Factor falls below the critical value of 50. They al so conpare the
unsupported rheni um pronoted Co catalyst with the rheni um pronoted cobalt
(11 % Co and 1 wt% Re) on titania caB2akyst used for Fischer-Tropsch

hydr ocar bon production. At the sane CO conversion |evel of 12% the
supported Fi scher-Tropsch hydrocarbon synthesis catal yst of Exanple 7

produced g | oRg wakaNdoR BldMS.AAANIE dal BEMIRHAPEKIRITE 0 catal yst

of Exanp This has t as consequences. rst Is

convent i oRgllich teiRRAPaMalRiresd18E of HRPES And WA k¥adtasd WA20HERP4, ke | | near
al pha ol efin production. The second is that the reaction and feed

condi t i on#,:@OanblesrahierwasTang &2 :A et the CO hextctarst comversien sytatwessa zi ng
distillate fuel and |ubricant oil hydrocarbons with a supported cobalt
cat al yst , meugh highewf1%: dexamplencrepaesents ¢awentignahizydspeaibensysthestsi on

i t hout t aki t he. t ff ] t h th tal yst, d vjce- :
Thus, 1 f SORSEiONS Al AL B Hec kTt IRpRicHbe Ol bdse Skt apdthe CF - 7
ot . . . . . | oh
ol et no. oAby e e tedeUEe camkl nvblio, E g I e or
pr oduci ng Exatpky U2dEx asle GFles EROQX tR tenslefinddié@ivily Aank Iekveha ol efin
synt hesi s can be acconplished by setting the operating conditions so that

the ear!| G0 comvarsionfletdlenfQR% ivtascaboat cwine that gbtaatedrattthahigheréifdal to 50.
WO 2004/ 060836 PCT/ U 52003/ 036896 -32 [0051] The worst al pha ol efin
sel ecti vi eonversiopdewslid o 1% (Bx%nyn. d 850). i Howekers IExameple JtalBO parti al pressure

f the H2 d CO t ant. 207 Pa, the .H2: | t 1 bout
2. 21 1 andSERONEEPE BA S BALIE G SIS AR S ProERROHOEC B 156 Exanpl o 8
represent §,£ANERENGNAs 1 SLATAERCRD RAMVRER] Stfective level of alpha olefin

production. This fact is reflected in the lower than acceptable CF in the runs of

Examplds 7 and 8.



conditions ainmed at producing fuels and lubricating oil base stocks, and the
CF value of 15 is outside the scope of the current invention. Conparing the
Exanple 7 and Exanple 8 results shows that the olefin selectivity at the

| ower CO conversion |evel of 12% was about tw ce that obtained at the

hi gher CO conversion level of 61 % (338%vs. 18%. However, Exanple 7 also
denonstrates that while |Iowering CO conversion is preferred, |ower CO
conversion alone is not sufficient to achieve an effective |evel of alpha
olefin production. This fact is ref¢eay® in the | ower than acceptable CF
in the runs of Exanples 7 and 8. -33- CLAIMS 1. An integrated gas
conversion process for producing linear al pha olefins, conprising passing
natural gas through at |east one Fischer-Tropsch hydrocarbon synthesis
reactor to produce a synthesis gas conprised of a mxture of H2 and COin at

least a 2f 1 Axik&hfdidl ghis dOVEEsich Plock &Pt prodRtihg Pinedl alphh dlefiti hesi s gas

into a |inear al pha olefin hydrocarbon synthesis reactor as feed for said
| i near compkging ef i n hydrocarbon synthesis reactor; and reacting said
synthesis gas in the presence of a non-shjftin Fi scher - Tropsch

hydr ocar bon passing aaiusalgasshyastghcasdpast ona §ischetrt sppschchydspearbon syndssint |

under reaction cgonditions .defined b -ondition Factor . .CF greatey. than
o - equEFIRE BProfigeen SURDESIS s COmRF6h ST STNRuTa g Coats CEtAtIa 8kt bon
fracti %? 88 rising said linear alpha olefins, wherein said Condition

Fact or %l ned as: CF = 200 - 0.6T + 0.03P1120- 0.6Xco - 8(H2: CO where,

T=average t paReh@ht!(cdast #pbRRSH 6f saidsynthesis gas into a linear alpha olefin
hydrocarbon synthesis reactor as feed for said linear alpha olcfin hydrocarbon synthesis
reactor; and

reacting said synthesis gas in the presence of a non-shifting, Fischer-Tropsch
hydrocarbon synthesis catalyst comprising a catalytic cobalt component, under reaction
conditions defined by a Condition Factor, CF, greater than or equal to 50, to producc
hydrocarbons, including a C, -Cyq hydrocarbon fraction comprising said linear alpha
olefins,

wherein said Condition Factor is defined as:

CF =200 - 0.6T + 0.03P ;5 ~ 0.6 X0 — 8(H,:CO)

where,

T=average temperature in rcactor, °C

Py =water partial pressure in the synthesis gas feed to the linear alpha olefin
reactor, kPa

Xco =% CO conversion, and

H,:CO = hydrogen to CO molar ratio in the synthesis gas feed to the linear alpha

olefin reactor,

wherein T is between 160°C and 250°C and H,:CO is from 0.5 to less than 2.0:1.



PH20 -water partial pressure in the synthesis gas feed to the linear al pha
olefin reactor, kPa Xco = % CO conversion, and H2: CO = hydrogen to CO nol ar
ratio in the synthesis gas feed to the linear alpha olefin reactor, wherein
T is between 160C and 250C and H2: COis fromO0.5 to less than 2.0:1. -34- 2.
A process according to claim1 wherein3$aid C4-C20 hydrocarbon fraction
contains less than 3 wt. % oxygenates. 3. A process according to claim2
wherein said C4-C20 hydrocarbon fraction conprises at least 50 wt. % | i near
al pha olefins. 4. A process according to claim3 wherein |less than 5 nole %
of said I I S te pha
ol ef i n hyer SAEPBER asSHRHRE R ElaAA0 WheRAR YA CL CophydibchiboR Trct o ataid |
wher ei Calopnagar bon fraction cont ains less than 1 wt. %
oxygeng:ts%gia%% process according to claim5 wherein said C4-C20
hydrocarbon fraction conprises at least 50 wt. %/linear alpha olefms. 7. A
process according to claim6 wherein less than 1 | e % of fsal g COin said
synt hesi 3. gmpnogctsmerdma to slajmp? thfﬂﬂé “p’é’s@ifm go cathop fraction o pha

ol efin hydrocar bon@y gﬁﬁl S rela i - A process according to claim?7
wher ei ROBRrIgcsAt 1past 8ha\P hydr ocar bon synthesis reactor
produces a tail gas that is utlllzed as feed gas for said |inear alpha

ol efin hydrocar bon synthesis reactor. 9. A process according to claim]l

wherein sgi ¢ E&ea?dc%raﬁg th mlmeymré.a 16R4HER 5 hole TEF RICTO INgadt r at i on
prior to passing 1nto said |linear al pha olefin hydrocarbon synthesis
r eact osyntha$is gas is converted to CO, in said hnear alpha olefin hydrocarbon synthesis

reactor.

5. A process according to claim 1 wherein said C4Cyg hydrocarbon fraction contains

Icss than 1 wt. % oxygenates.

6. A process according to claim § wherein said C4-C)o hydrocarbon fraction

comprises at least S0 wt. % linear alpha olefins.

7. A process according to claim 6 wherein less than 1 mole % of said CO in said
synthesis gas is converted to CQ, in one pass through said linear alpha olcfin

hydrocarbon synthesis reactor.

B. A process according to claim 7 wherein said at least one Fischer-Tropsch
hydrocarbon synthesis reactor produces a tail gas that is utilized as feed gas for said

lincar alpha olefin hydrocarbon synthesis reactor.

9. A process according to claim 1 wherein said synthesis gas is treated to reduce its
hydrogen concentration prior to passing into said lincar alpha olcfin hydrocarbon

synthesis reactor.



10. A process according to claim1l wherein said |inear alpha olefin

hydr ocarbon synthesis reactor and said at | east one Fischer-Tropsch

hydr ocarbon synthesis reactor each produce a tail gas containing unreacted
H2 and CO and wherein said tail gas from either or both of said |linear

al pha ol efin hydrocarbon synthesis reaéfor and said at |east one

Fi scher-Tropsch hydrocarbon synthesis reactor is used as feed gas al one or

in conbination with fresh synthesis gas to either or both of said |inear

al pha ol efin hydrocarbon synthesis reactor and said at |east one

Fi scher-Tropsch hydrocarbon synthesis reactor. 11. A process according to
claim 10 wherein said C4-C20 hydrocarbon fraction synthesized in said

| i near al,gh ' . 05 | S # S . %
oxygenat d0- A oEshebUAEE 36 BB Whgfeth Safae ol AL ket

hydr ocgrfiRésid Feaeidriihd SARIBY lea Qo FisGRFL TIRPs YA h¥8/9dchfm_rsyﬁ\|tliéii’s @Bk ns. 13.
A process according to claim12 wherein at |east a portion of said feed gas
i's obtadhsrdduye atsbpangotaining errkagted Hoandk 0D and wheringaid tajirgad tromg
hydrogen and a feed qas having a_reduced H2: CO nole ratio. 14, A process
accor deitaertar beithofrsaid linear siphaznlefin hydrocaphon synthesis mactprandsaid aldeasty dr ogen
is passed_in ithe{‘ of said |inear .al pha ol efin hydrocar lion sznt hesi s

0
r eact oPncghS&hgra&lioﬁF hygsqcashen RYRIBGHS regclofds s RIS PHES| s reactor

to adj sai-d. H2. .Ce ratig. .- 1 I OC cl ai.p 14 wherein
said a#&@ﬁhggr%"@seéﬁg&&‘*%éﬁ ‘%3@?‘6@‘?‘B"gﬁe"ﬁ?ﬁﬁn@‘?%%ﬁ%‘é{‘c@smi s converted
into apl I b Bol AR hart h ein said

| i near g?%ﬁgfbo e%ﬁ‘%&ﬁcgcar %ﬂﬁggﬁt ﬂg%s??ﬂﬁ’gﬁ oF Iﬁgﬁ%ﬁ\ﬁr{)g igﬁto a

Fi schegynthesipgedetdtydr ocar bon synthesis reactor by changing said. reactor
operating conditions but not said catalyst. 16. A process according to
claim15 wherein said C4-C20 hydrocarbon fraction contains less than 3 wt %

oxygenat es, . . v . . .
Y9 IT.A process according to claim 10 wherein said C,-C; hydrocarbon fraction
synthesized in said linear alpha olefin hydrocarbon synthesis reactor has less than 1 wt. %

oXygenatcs.

12. A process according to claim 1} wherein said C,4-Cyg hydrocarbon fraction

comprises at Icast 50 wt. % linear alpha olefins.

13. A process according to claim 12 wherein at Icast a portion of said feed gas is
obtained by treating said feed gas to scparatc hydrogen, producing hydrogen and a feed

gas having a reduced H;:CO mole ratio.

14, A process according to claim 13 wherein at least a portion of said separated
hydrogen is passed into either of said linear alpha olefin hydrocarbon synthesis rcactor
and said at least onc Fischer-Tropsch hydrocarbon synthesis reactor to adjust said Hy:CO

mole ratio.



17. A process according to claim 16 wherein said C4-C20 hydrocarbon fraction
contains less than I w. % oxygenates and at |least 50 wt. % of said |inear
al pha olefins. 18. A process according to claim8 wherein products produced
fromsaid |inear al pha olefin reactor and said hydrocarbon synthesis reactor
are conbi ned. -36-

15. The process of claim 14 wherein said at least one Fischer-Tropsch hydrocarbon
synthesis rcactor is converted into a lincar alpha olefin hydrocarbon synthesis rcactor or
wherein $aid linear alpha olefin hydrocarbon synthesis reactor is converted into a Fischer-
Tropsch hydrocarbon synthesis reactor by changing said reactor operating conditions but

not said catalyst.

16. A proccss according to claim 15 whercin said C4-Cyg hydrocarbon fraction

contains less than 3 wt % oxygenates.

17. A process according to claim 16 wherein said C4+Cyq hydrocarbon fraction

contains less than 1 wt. % oxygenates and at least 50 wt. % of said linear alpha olefins.

18. A process according to claim 8 wherein products produced from said linear alpha

olefin reactor and said hydrocarbon synthesis reactor are combined.





