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(57) ABSTRACT 
Novel methods of Fischer-Tropsch synthesis are described. 
It has been discovered that conducting the Fischer-Tropsch 
synthesis over a catalyst With a catalytically active surface 
layer of 35 microns or less results in a liquid hydrocarbon 
product With a high ratio of C5-C20:C20+. Descriptions of 
novel Fischer-Tropsch catalysts and reactors are also pro 
vided. Novel hydrocarbon compositions With a high ratio of 
C5-C2O:C20+ are also described. 
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TAILORED FISCHER-TROPSCH SYNTHESIS 
PRODUCT DISTRIBUTION 

RELATED APPLICATION 

[0001] In accordance With 35 U.S.C. sect. 119(e), this 
application claims priority to US. Provisional Application 
No. 60/493,094, ?led Aug. 5, 2003. 

[0002] This invention Was made With Government support 
under Contract DE-AC0676RLO1830 aWarded by the US. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

[0003] This invention relates to Fischer-Tropsch synthesis 
and especially Fischer-Tropsch synthesis of liquid hydro 
carbons. 

INTRODUCTION 

[0004] In Fischer-Tropsch synthesis, liquid hydrocarbon 
fuels are produced from lighter gases. This process Was ?rst 
put to large-scale industrial use by Germany during World 
War II. Since that time, many chemists and chemical engi 
neers Worked to develop improvements to the process. There 
continues to be intense academic and commercial interest in 
improving Fischer-Tropsch synthesis because it offers a 
source of liquid hydrocarbon fuels in addition to the increas 
ingly costly process of extracting oil from the ground. 
Furthermore, Fischer-Tropsch synthesis could make a sig 
ni?cant bene?cial environmental impact by capturing meth 
ane and other greenhouse gases that might otherWise be 
released from remote oil Wells. 

[0005] Aproblem With Fischer-Tropsch synthesis is that it 
is dif?cult to control the products resulting from the syn 
thesis. In a series of patents assigned to Exxon, Fischer 
Tropsch catalysts Were described in Which the active catalyst 
Was dispersed around the rim of a catalyst particle. For 
example, in US. Pat. No. 5,128,377 the inventors suggested 
a surface ?lm of cobalt having a thickness generally ranging 
from about 0.02 mm to about 0.20 mm, preferably from 
about 0.04 mm to about 0.20 mm, disposed on particles 
ranging in diameter from about 0.5 mm to about 2 mm. 
Similarly, in US. Pat. No. 5,140,050 the inventors suggested 
that the catalytically active cobalt be dispersed in a cata 
lytically active surface layer ranging in average thickness 
from about 20 microns to 250 microns, preferably from 
about 40 microns to about 150 microns. Gimpel et al. in WO 
02/07872 suggested a preferred range of 5 to 80 microns for 
the outer layer of catalytically active metal. In each of these 
cases, the catalyst particles are used in ?xed bed or slurry 
type reactors. Iglesia et al. in “Reaction-Transport Selectiv 
ity Models and the Designer of Fischer-Tropsch Catalysts,” 
modeled Fischer-Tropsch synthesis over rim-type catalysts 
and provided an equation to calculate the optimal thickness 
of the catalytically active layer to obtain the minimum 
methane selectivity. 

[0006] A feW Workers have described systems for Fischer 
Tropsch synthesis that do not require ?xed bed or slurry-type 
reactions. For example, Schanke et al. in US. Pat. No. 
6,211,255 described Fischer-Tropsch synthesis through 
Washcoated microchannels of a honeycomb reactor. The 
inventors did not describe the thickness of the Washcoat, nor 
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the distribution of liquid hydrocarbon components in the 
product. Based on the modeling of Iglesia et al, it Would be 
expected that, in the structure of Iglesia et al., the optimal 
methane selectivity Would require a relatively thick catalyst 
Washcoat. 

[0007] Wang et al., in US. Pat. No. 6,558,634, stated that 
in order to mitigate the mass transfer limitations of the 
catalyst structure, the catalyst impregnation preferably 
forms a porous interfacial layer having a depth less than 50 
pm, preferably less than 20 pm, and commented that the 
thinner impregnated catalyst structure also enhances heat 
transfer due to a shorter heat transfer pathWay, and leads to 
loWer selectivity to methane. Reactors are described in 
Which a porous, contiguous catalyst is placed in a micro 
channel. 

SUMMARY OF THE INVENTION 

[0008] The inventors have surprisingly discovered a 
method of Fischer-Tropsch synthesis that results in a supe 
rior product mixture of liquid hydrocarbons Which, com 
pared to prior art processes, has a relatively high ratio of 
C5-C2O:C20+. In this method, the reactants are contacted over 
a Fischer-Tropsch catalyst that has a catalytically active 
surface layer having a thickness of 35 microns or less. 
Preferably, in this method, the catalyst is disposed in a 
microchannel (or microchannels) that has a bulk ?oW path 
extending over the entire length of the microchannel. 

[0009] The invention includes methods of Fischer-Trop 
sch synthesis, Fischer-Tropsch catalysts, and reactors con 
taining the catalyst. The invention also provides novel 
hydrocarbon compositions. 

[0010] In a ?rst aspect, the invention provides a method of 
decoupling methanation from synthesis of liquid hydrocar 
bons in a Fischer-Tropsch process, comprising: contacting 
H2 and CO in a reaction microchannel over a catalyst at a 
temperature sufficient to convert the CO to hydrocarbons; 
Wherein there is a bulk ?oW path past the catalyst and the 
catalyst has a thickness of catalytically active component 
that is less than 35 pm; Wherein the catalytically active 
component comprises a Fischer-Tropsch catalytic metal; and 
Wherein the method has the characteristic that, While main 
taining other reaction conditions, adjusting reaction tem 
perature can increase CO conversion (absolute) from 25% to 
60% While methane selectivity increases by less than 80% 
(relative) over the same temperature range and conditions. 

[0011] In another aspect, the invention provides a reactor 
for Fischer-Tropsch synthesis, comprising a microchannel 
and a catalytically active surface layer disposed over at least 
a portion of the surface of the microchannel. The catalyti 
cally active surface layer comprises a Fischer-Tropsch cata 
lytic metal and Wherein the thickness of the catalytically 
active surface layer is less than 35 pm. Preferably, there is 
a bulk ?oW path through the microchannel. In some pre 
ferred embodiments, the thickness of the catalytically active 
surface layer is less than 20 pm, and in some embodiments 
in the range of 2 to 20 pm. In some embodiments, the 
microchannel is in a honeycomb. 

[0012] The reactor (and/or the inventive methods) can also 
be characteriZed by reactivity described in the examples. For 
example, having methane decoupling selectivity such that 
When hydrogen and carbon dioxide are fed into the reactor 
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at a H2:CO ratio of 2 and a Weight hourly space velocity of 
3.73 g CO/g catalyst/hr, a combined (H2+CO) feed pressure 
of 40 atm, and temperature is increased from 224° C. to 260° 
C., the CO conversion more than doubles While the methane 
selectivity increases by 70% or less. 

[0013] In a further aspect, the invention provides a method 
of making a hydrocarbon composition via Fischer-Tropsch 
synthesis, comprising: contacting H2 and CO over the cata 
lytically active surface layer that is in the microchannel of 
the reactor of claim 2, at a temperature sufficient to convert 
the CO to hydrocarbons. Preferably, there is a contiguous 
bulk ?oW path through the microchannel having an open 
dimension of at least 0.1 mm. Also preferably, at least a 
portion of the heat generated by the Fischer-Tropsch syn 
thesis is transferred to an adjacent microchannel that con 
tains a heat exchange ?uid. 

[0014] In another aspect, the invention provides a hydro 
carbon composition, comprising: C5 to C20 hydrocarbons 
Wherein the amounts (by Weight) of hydrocarbons decrease 
in the order 
C5>C6>C7>C8>C9>C10>C11>C12>C13>C14>C15> 
C16>C17>C18>C19>C19>C20. In this composition, C5, 
C6, C7, and C8 are each present in at least 5 Wt %; and C20 
is present in the range of 0.3 to 2.0 Wt %. In some 
embodiments, C9 is present in at least 5 Wt %; and C20 is 
present in the range of 0.4 to 1.5 Wt %. In some embodi 
ments, C5, C6, and C7 are each present in a range of 6 to 
10%. In one embodiment, the hydrocarbon composition has 
the composition substantially as shoWn in the ?gures. In 
some embodiments, each C5-C20 component is present 
Within 11% (or Within 10.5%) of the value shoWn in the 
?gures. For example, from FIG. 5, C9 is 4.9 to 6.9 Wt %. 

[0015] As described herein, the hydrocarbon composition 
can be obtained from a Fischer-Tropsch reaction Without 
additional re?ning steps. The invention also includes a 
method of formulating a fuel comprising combining the 
hydrocarbon composition With a hydrocarbon or a diesel 
fuel additive. The hydrocarbon composition may comprise a 
trace amount (0.1 ppb to 10 ppm) of at least one element 
selected from the group consisting of Co, Ni, Ru, and Re. 

GLOSSARY 

[0016] The term “liquid hydrocarbons” refers to hydro 
carbons that are liquid at room temperature. 

[0017] “C5 to C20 hydrocarbons” refers to hydrocarbons 
having from 5 to 20 carbon atoms. 

[0018] An “inert support” is a support that does not, by 
itself, react in a Fischer-Tropsch synthesis, although it may 
interact With the catalytically active layer, and the shape and 
con?guration of the inert support may play an important role 
in controlling the reaction. Examples of inert support mate 
rials include alumina and Zirconia. 

[0019] The thickness of a catalytically active layer is the 
thickness in Which at least 95 Wt % of the Fischer-Tropsch 
catalyst metal (or metals) resides. 

[0020] A “microchannel” is a channel having at least one 
dimension of 2 mm, preferably 1 mm, or less. If length is 
taken to be the direction of How through the channel, the 
micro dimension is either height and/or Width of the channel. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 illustrates a vieW of a monolith catalyst 
used in the examples. 

[0022] FIG. 2 shoWs a microchannel test reactor. 

[0023] 
[0024] (a) Comparison betWeen microstructured catalyst 
and poWder. Catalyst composition: Co/Re/Al2O3 (30% Co, 
4.5% Re). (0) microstructured catalyst A With 15 pm 
coating; (0) poWder catalyst AWith particle siZe of 150 pm. 
(20 atm, 240° C., H2/CO=2:1, CO conversion: 49%). 

[0025] (b) Coating thickness effect in microstructured 
catalysts. (|:|)microstructured catalyst AWith 15 pm coating; 
(I)microstructured catalyst B With 40 pm coating; (40 atm, 
240° C., H2/CO=2:1, CO conversion: 69%) 

[0026] FIG. 4 shoWs the space velocity effect: (0) CO 
conversion; (‘)CH4 selectivity; (O) Chain groWth probabil 
ity (0t). Microstructured catalyst A: Co/Re/Al2O3 (30% Co, 
4.5% Re With 15 pm coating); (20 atm, 250° C., H2/CO=2:1) 

[0027] FIG. 5 is a plot of product distribution from 
Fischer-Tropsch reactions over 15 um (I) and 60 pm (III) 
thick catalyst coatings. The catalyst coating Was 30 Wt % Co, 
4.6 Wt % Re on alumina. Conditions Were: 240° C., 40 atm, 
H2/CO=2, WHSV=3.73 CO/g cat/hr. 

[0028] FIG. 6 illustrates the effects of catalyst structural 
properties on hydrocarbon synthesis selectivity: (a) C5+ 
selectivity; (b) CH4 selectivity. X values from equation 
X=R02(I>0cO/rp With rp and R0 in m and 0cO in surface Co 
atoms/m2. Ole?n readsorption-CO hydrogenation mod 
els by Iglesia et al [5][8]; (o) Exxon’s data; (§,I,.)This 
study: Co/Re/Al2O3 catalysts, H2/CO=2:1, 47-70% CO con 
version. (Q) 40 atm, 240° C.; (I) 20 atm, 240° C.; (O) 20 
atm, 250° C. 

[0029] FIG. 7 shoWs CO conversion (0) and methane 
selectivity (III) plotted as a function of temperature. Condi 
tions Were: 40 atm, H2/CO=2, WHSV=3.73 CO/g cat/hr. 

[0030] FIG. 8 shoWs CO conversion (0) and methane 
selectivity (El) plotted as a function of pressure. Conditions 
Were: 260° C., H2/CO=2, WHSV=3.73 CO/g cat/hr. 

FIG. 3 shoWs ot-Ole?n to n-paraf?n ratio: 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] Catalysts of the present invention include a metal 
that is catalytically active in the Fischer-Tropsch synthesis. 
Conventional Fischer-Tropsch catalyst metals are iron (Fe), 
cobalt (Co), nickel (Ni), ruthenium (Ru), rhenium (Re), and 
osmium (Os), and may, of course, include combinations of 
these. Promoters may be present and promoters can be 
selected from transition metals and metal oxides (except Au 
and Hg), lanthanide metals or metal oxides, and group IA 
elements (except 

[0032] Examples of metal oxides include alumina, silica, 
Zirconia, titania, magnesium oxide, vanadium oxide, chro 
mium oxide, manganese oxide, iron oxide, nickel oxide, 
cobalt oxide, copper oxide, Zinc oxide, molybdenum oxide, 
tin oxide, calcium oxide, aluminum oxide, lanthanum series 
oxide(s), Zeolite(s), and combinations thereof. 

[0033] Preferably, the catalyst includes a catalytically 
active layer disposed on a support. Materials that make up 
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the support do not independently catalyze the reaction and 
may include ceramics and/or metals. In some embodiments, 
the supports have large pores. Examples of large pore 
supports include foams, felts and honeycombs. Honeycombs 
having cross-?oW heat exchange channels are knoWn and 
these may also be used in the invention. 

[0034] The catalytically active layer preferably contains at 
least 20%, more preferably at least 50% of a metal oxide. A 
particularly preferred catalytically active layer contains Co 
and Re. 

[0035] A catalyst With a large pore support (also called a 
“porous catalyst material”) has a pore volume of 5 to 98%, 
more preferably 30 to 95% of the total porous material’s 
volume. Preferably, at least 20% (more preferably at least 
50%) of the material’s pore volume is composed of pores in 
the siZe (diameter) range of 0.1 to 300 microns, more 
preferably 0.3 to 200 microns, and still more preferably 1 to 
100 microns. Pore volume and pore siZe distribution are 
measured by mercury porisimetry (assuming cylindrical 
geometry of the pores) and nitrogen adsorption. As is 
knoWn, mercury porisimetry and nitrogen adsorption are 
complementary techniques With mercury porisimetry being 
more accurate for measuring large pore siZes (larger than 30 
pm) and nitrogen adsorption more accurate for small pores 
(less than 50 pm). Pore siZes in the range of about 0.1 to 300 
microns enable molecules to diffuse molecularly through the 
materials under most gas phase catalysis conditions. 

[0036] The reaction is conducted in a microreactor that 
contains at least one microchannel in Which a catalyst is 
disposed. The catalyst does not occupy the entire cross 
section of a reaction microchannel so that there is a bulk 

?oW channel adjacent the catalyst (this con?guration is 
knoWn as ?oW-by). In some embodiments, the catalyst is a 
piece (or pieces) that can be inserted and removed from a 
channel, such as a foam or felt. Preferably, the catalyst is a 
piece that has at least one external dimension (typically 
length) of at least 1 mm, more preferably at least 5 mm. In 
preferred embodiments, the catalytically active layer is a 
Wall coating that is less than 35 pm, more preferably less 
than 20 pm thick. The bulk ?oW channel has a smallest 
dimension of at least 0.1 pm, more preferably at least 0.2 
pm, still more preferably at least 0.3 pm, and in some 
preferred embodiments a smallest dimension that is greater 
than the thickness of the catalytically active layer. Prefer 
ably, the bulk ?oW channel has a length that equals the 
length of the microchannel. Abulk ?oW path can be adjacent 
to a catalyst or through a catalyst inscert (such as a micro 
honeycomb such as that shoWn in FIG. 1). 

[0037] A catalytically active Wall coating can be applied 
by techniques such as Washcoating and vapor deposition. A 
templating composition can be used in forming a catalyti 
cally active Wall coating; removal of the template can leave 
a porous material having relatively large pores left by the 
template. 

[0038] Conditions for conducting the Fischer-Tropsch 
reaction include any of the conditions knoWn in the art. In 
some particularly preferred embodiments, the reaction is 
conducted in a microchannel reactor to take advantage of the 
high heat ?ux. In some preferred embodiments, the reaction 
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is conducted at a temperature of at least 2100 C., more 
preferably at least 2250 C., and in some embodiments in the 
range of 220° C. to 290° C., more preferably 220° C. to 260° 
C. Pressures in the reactor are preferably 10 atm to 60 atm, 
more preferably 15 atm to 40 atm. 

[0039] The ratio of H2:CO is preferably in the range 1 to 
3, more preferably 1.75 to 2.5. 

[0040] The How rate of CO through the reactor is prefer 
ably set to obtain a contact time of 0.1 sec (based on active 
catalyst packing volume (excluding substrate volume)), 
more preferably 0.3 sec, and in some embodiments in the 
range of 0.1 to 1 sec. 

[0041] The output of the Fischer-Tropsch reaction prefer 
ably has a narroW distribution of hydrocarbons; preferably 
the product contains very little Wax. 

EXAMPLES 

[0042] Catalyst Preparation and CharacteriZation 

[0043] FIG. 1 is a schematic draWing illustrating the 
geometry of a monolith catalyst used in the examples. The 
general dimension of each monolith Was 0.5“><0.06“><1.25“. 
The catalyst substrate 102 Was made of aluminum for its 
high thermal conductivity. The substrate Was mini-struc 
tured With double-side alternative valleys and peaks. There 
are 50 valleys for being coated With catalyst ingredients. The 
Width of each valley Was 0.01“. Valley depth: 0.025“, Peak 
Width: 0.01“. 

[0044] To prepare highly porous catalyst layers on the 
substrate, a sequential Washcoating-impregnation process 
Was applied. The surface of aluminum substrate Was ?rst 
oxidiZed in air at 550° C. to enhance the adhesion to catalyst 
layers. A solution With optimiZed rheological properties Was 
used to achieve uniform coats With desired porosities. PQ 
AlzO3 (Nyacol) Was mixed With poly block copolymer, 
Pluronic F-127 

(HO(CH2CH2O)1O6(CH2CH(CH3)O)7O(CH2CH2O)106H) 
and ethyl alcohol (Aldrich) at 1:(0.9-1): (3.5-5) Weight 
ratios. Dip coating Was applied to the substrate With the 
above-prepared PQ Al2O3-F127 solution. Excessive solu 
tion Was removed accordingly. The coat Was dried at room 

temperature subsequently at 100° C. for 20 minutes. Then 
this dipping-drying process Was repeated to achieve the 
target catalyst loading. Finally, the monolith Was calcined at 
450° C. for 4 hours to remove F127. Quality control Was 
performed in each step by BET surface area and pore siZe 
distribution measurements. In the next stage, active compo 
nents of Co—Re Were co-impregnated into the alumina 
layer using dip-drying method. During the impregnation the 
solvent is in?ltrated evenly through the microchannels of the 
substrate, and the excess solution Was removed With quan 
titative records. The thickness of catalyst coating and 
Co—Re loading on the substrate can be controlled. For the 
tWo catalysts shoWn in Table 1, the monolith had a catalyst 
coating thickness of 15 pm, a surface area of 140 m2/g of 
active coating layer, an average pore siZe of 95 A, and a 29 
or 32 Wt % Co (relative to active coating layer) With an 
atomic Co/Re ratio of 21. The thickness of catalyst layers 
can be tailored to be effective to FT product selectivity. The 
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pore size Was not signi?cantly reduced during impregnation, 
and the engineered piece has suf?cient surface area for its 
catalytic function. 

[0045] Powdered 30 Wt % Co/4.5 Wt % Re/Y-AlZO3 cata 
lysts With different particle sizes (45 pm and 150 pm) Were 
prepared using a multi-step incipient-Wetness impregnation 
method With an inter-calcination protocol. Acidic Y-AlZO3 
(Sasol) Was pre-treated at 500° C. in air for 2 hours prior to 
the impregnation. An aqueous solution of cobalt nitrate 

hexahydrate (Co(NO3)2.6H2O) (98% purity, Aldrich) and 
Perrhenic acid (HReO4) (Engelhard, 53.29 Wt % P.M.,) Was 
introduced onto the Y-AlZO3 support in a crucible dish 
uniformly. The impregnation volume is based on calculated 
pore volume of the alumina support. The sample Was shaken 
Well for 15 min before being dried in air at 90° C. for 8 hrs. 
The sample Was then calcined at 350° C. in air for 3 hours. 
Five sequential impregnations Were folloWed With adjusted 
pore volume. The formulated catalyst has a surface area of 
60 m2/g, an average pore size of 100 A, and pore volume of 
0.14 cm3/g. 

[0046] For the tWo catalysts shoWn in Table 1, the mono 
lith had a catalyst coating thickness of about 15 microns, a 
surface area of 140 m2/g of active coating layer, an average 
pore size of 95 A, and a 29 or 32 Wt % Co (relative to active 
coating layer) With an atomic Co/Re of 21. The thickness of 
catalyst layers can be tailored to effect FT product selectiv 
ity. The pore size Was not signi?cantly reduced during 
impregnation, and the engineered piece has suf?cient sur 
face area for its catalytic function. 

TABLE 1 

Sample ID 

58233-37-3 58233-37-4 

A1203 Weight, g 0.016 0.0146 
Thickness of A1203 layer, [um 17 15 
A1203 pore size before Co/Re impreg, 110 110 
A1203 pore size after Co/Re impreg, 95 95 
A1203 pore volume before 0.64 0.64 
Co/Re impreg, cc/g 
Co—Re/Al2O3 pore volume after 0.37 0.37 
Co/Re impreg, cc/g 
A1203 BET before Co/Re impre, m2/g 208 208 
Co—Re/Al2O3 BET after Co/Re impre, m2/g 139 139 
measured Co/Co—Re—Al2O3, Wt % 29 32 

[0047] Reactor and Catalyst Testing 

[0048] Experiments Were carried out in a start-of-the-art 
microchannel reactor system (FIG. 2) to maintain isother 
mal conditions, alloWing the catalyst to operate at higher 
average temperatures for highly exothermic FT synthesis 
reactions. The microchannel is “sandwiched” by tWo sepa 
rated oil heat transfer channels, Which are designed to alloW 
a large oil circulation rate While maintaining a high heat 
transfer coefficient. TWo pieces of the catalyst monoliths 
described above Were snugly inserted in the microreactor 
providing the total length of the catalyst bed of 2.5 inches. 
The catalyst monolith is located in the doWnstream portion 
of the channel so that the reactants can be preheated to a 
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desired temperature in the upstream portion of the channel 
before entering the catalyst bed. The channel gap of the 
reactor is 0.06 inch Wide and the channel Width is 0.5 inches. 

In another Words, the individual channel of the microreactor 
has the dimension of: 0.5“ (x-direction) x0.06“(y-dir) x3“ 
(z-dir). The channel is ?lled With catalyst inserts snugly. 
There is essentially no gap betWeen the catalyst pieces and 
the reactor Walls. The coated catalyst substrate is touching 
the inner Wall of the microreactor channel. Four thermo 
couples along the catalyst bed have indicated that the 
temperature gradient Within the catalyst bed is less than 1° 
C. under the targeted reaction conditions. After catalyst Was 
activated in hydrogen at about 400° C. overnight, a syngas 
feed With HZ/CO ratio of 2 Was introduced and FT synthesis 
Was conducted at pressures from 1000 to 4000 kPa. 

[0049] Pretreatment gases and reactant feed mixture can 
be precisely delivered to the catalyst bed using gas mani 
folds. Reactions take place in the catalyst bed With uniform 
reactor Wall temperature. Reactor ef?uent is quenched by 
being directed through a dip tube, being fed into and 
condensed in a chilled vessel that is immersed in a circu 

lating coolant. Noncondensed gases are depressurized doWn 
through a backpressure regulator, and analyzed using an 
on-line gas chromatography to determine CO conversion 
and light product selectivity. Condensed liquid and or solid 
product mixture are periodically taken for off line GC 
analysis. All process parameters such as temperature, pres 
sure, ?oWrates are recorded in a computer. 

[0050] 3. Results and Discussion 

[0051] Reduced diffusion limitations When using a smaller 
particle size poWder catalyst have been observed in the 
performance evaluation of tWo different particle size cata 
lysts With the same metal site density. ShoWn in Table 2, it 
can be seen that in the same operating conditions, the 
smaller particle catalyst yields much loWer methane selec 
tivity and higher chain groWth probability as result of the 
shorter diffusion distance. Since the Fischer-Tropsch syn 
thesis occurs in a diffusion-controlled regime, improving 
monomer reactant diffusion rates to the catalyst surface Will 

enhance the overall reaction rate. Moreover, the catalyst 
internal pores are usually ?lled With hydrocarbon liquids 
during the synthesis reaction. Since H2 diffusivity in the 
hydrocarbon liquids is much higher than that of CO, a 
methanation-favored environment can be created due to 

formation of high HZ/CO ratio reactant mixture Within the 
pellet or poWder catalyst. Therefore, a smaller particle size 
catalyst With shortened diffusion length Will enhance CO 
diffusion rate and result in a relatively loW local HZ/CO ratio 
Within the catalyst to minimize the selectivity to methane. In 
the meantime, the reduced transport resistance Within a 
small catalyst particle also leads to high local reactant 
concentration on the active sites, Which increases the reac 

tion turnover rate for a positive order kinetics[2][6][8][11] 
[22]. This Was validated When a higher productivity (metal 
time-yield) of C2+ Was achieved With small catalyst 
particles. 
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TABLE 2 
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Performance data of powder catalysts with different diffusion lengths 

Catalyst CO CH4 
Co/Re = 21 (atomic Co P GHSV WHSV conversion, selectivity, Productivity, Productivity, 

Catalyst A: 30 10 20,016 4.9126 48.6 13.03 0.81 0.9218 3.0726 
(150 [um powder) 25 4.9126 62.6 9.54 0.86 1.2818 4.2728 
Catalyst B: 30 25 22,886 4.9126 76.8 6.11 0.88 1.6890 5.6301 
(45 [um powder) 35 4.9126 90.2 1.94 0.92 2.1355 7.1180 

[0052] In order to compare the performance of the mono- [0053] In the above experiments the same conversion level 
lithic catalysts and powder catalysts, the Fischer-Tropsch 
synthesis reactions using these two catalysts were carried 
out at the same temperature, pressure as well as the same 
conversion level. The similar conversion was achieved by 
adjusting the space velocity based on the active catalyst 
weight. Results shown in Table 3 indicate that the methane 
yield was considerably lower in the monolithic catalytic 
system compared to the powder catalyst in the same tem 
perature, pressure and at the same conversion level. The 
signi?cantly higher ole?n to paraffin ratio for the ministruc 
tured catalyst A with 15 pm coating also indicates much 
lower diffusion resistance than for the powder catalyst (see 
Table 3 C8=/C8, and FIG. 3a). On the heat transfer side, the 
fact that the structured metal based catalyst yields lower 
methane selectivity at a given temperature suggests that the 
heat generated during reaction was better conducted away in 
this engineered catalyst bed and hot spots had been mini 
mind. In a high temperature (240-260° C.) synthesis con 
dition that strongly favors methanation, the monolithic cata 
lyst could successfully suppress the methane yield by the 
conjugate effects of both improved heat transfer and mass 
transfer. With conventional reactor con?guration, however, 
it is dif?cult to maintain low methane selectivities at such 
high temperatures. The isothermal attribute of the integrated 
microchannel monolithic catalytic reactor provides the 
potential of a high space-time yield with deployment of 
more active catalyst. Synthesis in the monolithic reactor at 
high temperature leads to high one-pass conversion but 
without sacri?cing low methane selectivity. 

TABLE 3 

at the same temperature and pressure was maintained by 
varying the weight hourly velocity. Due to diffusion limita 
tion in the bulk phase, reactant bypass in the monolithic 
reactor caused some extent of inefficient catalyst utilization. 
Thus, smaller WHSV was used to achieve similar conver 
sion as in the powder bed. As shown in FIG. 4, the CO 
conversion decreases with increases of space velocity due to 
the well known reaction kinetics, but the increase of CH4 
selectivity and decrease of the chain growth probability due 
to the shortened residence time were not signi?cant. The 
space velocity change in this experiment covers the range of 
those WHSV variations in the test when the same conversion 
level was desired at the same temperature and pressure. The 
selectivity comparison between the monolith catalyst and 
powder catalyst at the same conversion level is shown in 
Table 3. 

[0054] The effect of the coating layer thickness is also 
shown in Table 3 and FIG. 3b. The catalyst loading on the 
substrate varies with coating thickness, in this particular 
example with 15 pm and 40 pm coatings, the total catalyst 
(Al2O3+Co+Re) loadings are 0.0527 g and 0.1 155 g respec 
tively. It has been found that increasing the coating layer 
thickness on the microstructured aluminum substrate leads 
to decrease of the chain growth probability and increase of 
CH4 selectivity. This is certainly a result of increased dif 
fusion resistance. In such a case, the ot-ole?ns readsorption 
is promoted due to the longer ole?n residence time on the 
catalyst sites and consequently decreased chain termination 

Performance comparison of microstructured catalysts with 
different diffusion properties and powder catalyst. 

H /CO = 2:1 

Coating 
thickness Total 

or CO CH4 Chain ole?n/para?in 
particle Co Re T Conversion Selectivity Growth ratio in the liquid 

Catalyst size (,um) Wt % wt % (O C.) P (atm) (wt %) (wt %) Probability C8 = /C8 product mixture 

Engineered 15 30.9 5.1 240 40 69.0 5.89 0.88 0.404 
catalyst A 240 20 48.9 7.54 0.87 0.390 

250 20 74.9 8.11 0.86 0.211 
Engineered 40 29.6 4.5 240 40 68.0 9.26 0.87 0.135 
catalyst B 240 20 47.9 12.86 0.83 0.102 

250 20 64.6 14.23 0.81 0.096 
Powder 150 30.0 4.8 240 40 70.0 12.40 0.86 0.134 
catalyst A 240 20 49.8 13.77 0.82 0.128 

250 20 68.5 15.83 0.80 0.112 
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to ole?ns. The direct evidence is that the loWer ole?n to 
paraf?n ratio is observed in the ?nal liquid Wax samples With 
thicker coating layer catalyst (FIG. 3(b)). On the other hand, 
the increased diffusion resistance leads to fast CO depletion 
and enhanced hydrogenation reactions resulting in loW chain 
groWth probability. In the meantime, it is observed that 
productivity to C2+ hydrocarbon, i.e. the metal-time yield, is 
higher When a thin catalyst coating Was applied to the 
substrate. 

[0055] FIG. 5 is another plot that shoWs the product 
distribution When using the monolith catalysts With tWo 
coating thickness. Under the same Weight hourly space 
velocity, pressure and temperature, the thinner coating (15 
pm) catalyst yields unique narroW product distribution While 
maintaining similar and loW methane selectivity (10%). The 
thicker coated (60 pm) monolith catalyst appears to give 
similar performances as a ?xed bed reactor packed With 
70-100 mesh particles With the same catalyst composition. A 
particular advantage With a narroW range of hydrocarbon 
liquid product distribution and loW methane selectivity is 
that it can minimize the cost associated With hydrocracker 
and distillation for gasoline or diesel productions. 

[0056] While the present invention is not limited by this 
theory, some of the results can be explained by a theoretical 
analysis. As de?ned by Iglesia et al. [5][8][11], catalyst 
structural parameter, X=RO2(I>0cO/rp, Which contains the dif 
fusion length RO, pore radius rp of the metal oxide support, 
porosity (I), and Co site density 0C0, determines in part the 
severity of transport limitations. In this analysis, the catalyst 
structural parameter is varied by changing the diffusion 
lengths for both micro-structured metallic conductive mono 
lith and the supported poWder catalysts. In FIG. 6, CH4 
selectivity and C5+ selectivity are plotted as function of this 
structural parameter X. X for the monolithic catalyst Was 
calculated using the Washcoat layer thickness as the diffu 
sion distance, and for the poWder catalyst the diffusion 
length is the average radius of the catalyst particle. The 
experimental results from this study are plotted against 
Iglesia’s theory and literature reported data in FIG. 6. It can 
be seen that our data folloW the same trend as the Iglesia’s 

model [11]. The C5+ selectivity decreases With increase of 
X, and CH4 selectivity increases When X increases. These 
selectivity values are in excellent agreement With the model 
prediction of the same order of magnitude even With differ 
ent catalyst compositions and operating conditions. These 
results also suggest that the Fischer-Tropsch synthesis reac 
tion is carried out in the regime of diffusion-inhibited chain 
groWth. In such cases, the selectivity trends caused by 
diffusion-enhanced ole?n readsorption have been reversed 
as transport resistances increase. Because a large catalyst 
structural parameter leads to signi?cant depletion of mono 
mer precursors on the catalyst sites, the intralayer gradients 
in reactant concentrations become signi?cant When Thiele 
modulus is large, i.e., the diffusion rate of CO is much 
smaller than its hydrogenation reaction kinetic rate. 

[0057] To illustrate such intralayer gradients and optimiZe 
the monolith catalyst performance, a pseudo-3D model Was 
used to evaluate the coating thickness effect on the diffusion 
reaction system. As We knoW, parameters such as tempera 
ture, channel geometry, ?oWrate, Washcoat 
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[0058] properties and catalytic activity play important 
roles either independently or interactively in reactor behav 
ior. It usually shoWs large complexity When a full 3D 
modeling is used. Therefore, a 2D model using dynamic 
time as the Z-axis can be adopted to describe a 3D problem 
for our monolithic catalyst With regular shape so that the 
computation time can be greatly shortened. In the model 
assumptions, temperature is constant because of the highly 
conductive substrate in addition to the short heat transfer 
length in the microchannel reactor, and the heat release from 
the synthesis reaction is mitigated in such a Way. The How 
in the monolith channel is laminar and the axial diffusion of 
the reactants is negligible compared to the convection. We 
also assume identical conditions for each channel of the 
Whole monolith Whose behavior can be represented by one 
channel, and the catalyst sites are uniformly located in the 
Washed coatings. The partial differential equations describ 
ing the mass balance in a monolith channel are Written in 
tWo domains. In the ?oWing channel of the monolith, the 
reactant (CO) is transported by diffusion (in X, y directions) 
and convection (Z-direction but represented by t that is 
solved as time dependent 2D problem. 

[0059] In the Washcoated catalyst porous phase, synthesis 
reactions occur and the material balance is characteriZed by 
kinetic rate and effective diffusion that re?ects the pore 
properties. A Langmuir-HinshelWood kinetics rate for the 
Co catalyst [11] Was used in Which parameters Were 
regressed to ?t small poWder catalyst testing data in the 
microchannel reactors that provide isothermal solutions to 
the exothermic system. 

620 62c 
(_rco) = D217 w + W 

[0060] The simulation results shoW the concentration dis 
tribution of the monomer precursor (CO) in a monolith 
channel. The CO concentration With a 60 pm catalyst 
coating yields larger gradient Within the layer than the 
thinner coating With 15 pm thickness. It suggests that the 
ef?ciency of catalyst utiliZation is higher When having a 
thinner coating due to reduced mass transfer resistance. 

[0061] Temperature Effect 

[0062] CO conversion increased from 25% to 64% When 
the temperature Was raised from 224° C. to 260° C. at 40 atm 
at a Weight hourly space velocity of 3.73 g CO/g cat/hr, over 
a monolith catalyst With a 15 pm catalyst coating, With a 
HZ/CO of 2. See FIG. 7. The methane selectivity remained 
about 10%, Which is a unique feature that is different from 
conventional FT reaction technology in Which methane 
selectivity increases as temperature is increased. Pressure 
Was measured at both upstream and doWnstream of the 
catalyst bed, since the monolith catalyst causes only slight 
pressure drop across the bed, the Whole system pressure is 
40 atm. According to the present invention, pressure should 
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be measured upstream of the catalyst, if possible. The 
catalyst loading on the substrate varies With coating thick 
ness, in this particular eXample With 15 pm coating, the total 
catalyst loading is 0.047 g. When We calculate Weight hourly 
space velocity, substrate Weight Was not included, but alu 
mina (A1203) coating as metal support is included as part of 
catalyst Weight. That is: catalyst Weight=Al2O3 coating+Co 
loading+Re loading). 
[0063] Pressure effect 

[0064] Total pressure effect is shoWn in FIG. 8, at a certain 
temperature and space velocity, high pressure suppresses 
methane formation and increases syngas conversion. This 
occurs because high partial pressure of CO and hydrogen 
increases the overall kinetic rate. In the meantime, the 
increased driving force of diffusion When the CO in the bulk 
phase is increased Will mitigate the depletion of monomer on 
the catalyst sites, so that the chain groWth probability is 
enhanced resulting in loW methane selectivity. 

[0065] As shoWn in FIG. 8, When tested at a 260° C. and 
a Weight hourly space velocity (WHSV) of 3.73 g CO/g 
cat/hr, it Was found that high pressure suppresses methane 
formation and increases syngas conversion. 
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We claim: 
1. Amethod of decoupling methanation from synthesis of 

liquid hydrocarbons in a Fischer-Tropsch process, compris 
ing: 

contacting H2 and CO in a reaction microchannel over a 
catalyst at a temperature sufficient to convert the CO to 
hydrocarbons; 

Wherein there is a bulk ?oW path past the catalyst and the 
catalyst has a thickness of catalytically active compo 
nent that is less than 35 pm; 

Wherein the catalytically active component comprises a 
Fischer-Tropsch catalytic metal; and 

Wherein the method has the characteristic that, While 
maintaining other reaction conditions, adjusting reac 
tion temperature can increase CO conversion (absolute) 
from 25% to 60% While methane selectivity increases 
by less than 80% (relative) over the same temperature 
range and conditions. 

2. A reactor for Fischer-Tropsch synthesis, comprising: 

a microchannel; and 

a catalytically active surface layer disposed over at least 
a portion of the surface of the microchannel; 

Wherein the catalytically active surface layer comprises a 
Fischer-Tropsch catalytic metal and Wherein the thick 
ness of the catalytically active surface layer is less than 
35 pm. 

3. The reactor of claim 2 Wherein the catalytically active 
surface layer comprises a Fischer-Tropsch catalytic metal 
selected from the group consisting of Fe, Co, Ni, Ru, Re, Os, 
and combinations thereof. 

4. The reactor of claim 2 comprising a bulk ?oW path 
through the microchannel. 

5. The reactor of claim 3 Wherein the catalytically active 
surface layer further comprises a promoter. 

6. The reactor of claim 4 Wherein the catalytically active 
surface layer further comprises a metal oXide. 

7. The reactor of claim 3 Wherein the thickness of the 
catalytically active surface layer is less than 20 pm. 

8. The reactor of claim 4 Wherein the thickness of the 
catalytically active surface layer is betWeen 2 and 20 pm. 

9. The reactor of claim 3 Wherein the microchannel is in 
a honeycomb. 
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10. The reactor of claim 3 wherein the surface layer 
comprises a porous catalyst material. 

11. The reactor of claim 3 having methane decoupling 
selectivity such that When hydrogen and carbon dioxide are 
fed into the reactor at a H2:CO ratio of 2 and a Weight hourly 
space velocity of 3.73 g CO/g catalyst/hr, a combined (H2 
+CO) feed pressure of 40 atm, and temperature is increased 
from 224° C. to 260° C., 

the CO conversion more than doubles While the methane 
selectivity increases by 70% or less. 

12. A method of making a hydrocarbon composition via 
Fischer-Tropsch synthesis, comprising: 

contacting H2 and CO over the catalytically active surface 
layer that is in the microchannel of the reactor of claim 
2, at a temperature sufficient to convert the CO to 
hydrocarbons. 

13. The method of claim 12 Wherein the catalytically 
active surface layer comprises a Wachcoat on at least a 
portion of the microchannel. 

14. The method of claim 12 Wherein there is a contiguous 
bulk flow path through the microchannel having an open 
dimension of at least 0.1 mm. 

15. The method of claim 12 Wherein at least a portion of 
the heat generated by the Fischer-Tropsch synthesis is 
transferred to an adjacent microchannel that contains a heat 
exchange ?uid. 

16. A hydrocarbon composition, comprising: 
C5 to C20 hydrocarbons 

Wherein the amounts (by Weight) of hydrocarbons 
decrease in the order 
C5>C6>C7>C8>C9>C10>C11>C12>C13>C14>C15> 
C16>C17>C18>C19>C20; 
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Wherein C5, C6, C7, and C8 are each present in at least 
5 Wt %; and 

Wherein C20 is present in the range of 0.3 to 2.0 Wt %. 
17. The hydrocarbon composition of claim 16 Wherein C9 

is present in at least 5 Wt %; and C20 is present in the range 
of 0.4 to 1.5 Wt %. 

18. The hydrocarbon composition of claim 16 Wherein 
C5, C6, and C7 are each present in a range of 6 to 10%. 

19. The hydrocarbon composition of claim 16 having the 
composition substantially as shoWn in FIG. 5 (15 pm 
coating). 

20. A method of making the hydrocarbon composition of 
claim 16 comprising reacting CO and H2 in the reactor of 
claim 2. 

21. The method of claim 16 Wherein said hydrocarbon 
composition is obtained from a Fischer-Tropsch reaction 
Without additional re?ning steps. 

22. Amethod of formulating a fuel comprising combining 
the hydrocarbon composition of claim 16 With a hydrocar 
bon or a diesel fuel additive. 

23. The hydrocarbon composition of claim 16 further 
comprising a trace amount (0.1 ppb to 10 ppm) of at least 
one element selected from the group consisting of Co, Ni, 
Ru, and Re. 

24. The hydrocarbon composition of claim 23 having a 
composition Wherein each C5-C20 component is present 
Within 11% of the value shoWn in FIG. 5 (15 pm coating). 

25. The hydrocarbon composition of claim 16 having a 
composition Wherein each C5-C20 component is present 
Within 10.5% of the value shoWn in FIG. 5 (15 pm coating). 

* * * * * 


