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REACTOR SYSTEM FOR PRODUCING 
GASEOUS PRODUCTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001 Priority is hereby claimed to provisional application 
Ser. No. 60/876,015, filed Dec. 20, 2006, and incorporated 
herein by reference. 

FEDERALLY SPONSORED RESEARCHOR 
DEVELOPMENT 

0002. This invention was made with United States Gov 
ernment support awarded by the U.S. Department of Energy 
under DE-FG36-05GO15046. The United States has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 

0003. Many technologies and processes exist for convert 
ing feedstocks into liquid or gaseous products using hetero 
geneous catalyst systems. Such processes are typically cat 
egorized based upon whether the feedstock (reactant) and/or 
product are in a single phase (Solid, gas or liquid) or a multi 
phase involving two or more of the foregoing. The processes 
are also categorized based upon the flow pattern in which the 
feedstock and product flow through the catalyst; namely, 
either a concurrent configuration where both the feedstock 
and product flow in the same direction or a countercurrent 
configuration where the feedstock and product flow across 
each other in opposite directions. The processes are also 
typically classified as downflow when the feedstock and 
product flow down with gravity through the catalyst bed and 
upflow when the feedstock and product flow up against grav 
ity through the catalyst bed. 
0004. The type of reactor system utilized for any given 
process depends on the nature of the feedstock and its result 
ing products. For example, concurrent downflow reactors are 
often used in reactions involving the catalytic conversion of 
gaseous reactants to gaseous products, or liquid reactants to 
liquid products, or in trickle bed reactors involving the con 
current flow of both a gas and liquid reactant that react 
together to produce the desirable product. Concurrent down 
flow reactors are generally not used for reactions involving 
the conversion of liquid feedstocks to gas products as the 
hydrodynamic flow patterns usually become irregular and 
unpredictable due to the variance between the density and 
buoyancy of the liquid reactant and the gas phase products. 
The flow pattern is critical as an irregular or unpredictable 
flow pattern can lead to vapor-lock and other hydrodynamic 
problems. In multi-tubular reactor systems, this is significant 
as vapor-lock and other hydrodynamic problems can lead to 
mal-distribution of the liquid feedstock or other negative 
effects (e.g., hot spots, selectivity issues, reactor perfor 
mance, etc.). Expeditious removal of the gas products from 
the reactor system is also desirable in order to prevent subse 
quent, undesired reactions from taking place. As a result, 
concurrent upflow systems are used in reactions involving the 
catalytic conversion of a liquid reactant to gaseous products, 
a process termed flooded flow. 
0005 One process which differs from conventional sys 
tems is disclosed in European Patent Application No. 
88202871.5 (Publication No. 0323663A2) to Terlouw et al. 
The disclosed process generally relates to controlling the 
exothermic nature of catalytic reactions between two or more 
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reactants by causing the reactions to occur under Substantially 
isothermic conditions. The reaction mixture includes at least 
one compound having a boiling point lower than the other 
compounds in the mixture, and that the one compound is 
present in an amount Sufficient to consume, by vaporization 
thereof, the heat generated by the exothermic reaction of the 
mixture. To achieve an isothermic state, the reactor is oper 
ated at the boiling pressure of the one compound and in a 
manner as to provide a concurrent downflow of a liquid and 
gas phase, wherein the gas phase is the vaporized form of the 
one compound having the lowest boiling point. The process 
differs from conventional fixed-bed reactors in that the gas or 
vapor phase comprises a vaporized component from the liq 
uid phase. The fact that the vapor phase is substantially a 
vaporized component of the liquid phase is critical to the 
functionality of the system. Here, vapor-lock and hydrody 
namic concerns are limited due to the ability of any vapor 
trapped within the system to recondense into its liquid form 
for either continued use or removal from the system. 

SUMMARY OF THE INVENTION 

0006. The present invention provides a reactor system for 
converting a liquid feedstock to a noncondensable gas prod 
uct. The reactor System includes a reaction chamber having at 
least one reaction tube, with a catalyst packed therein, an inlet 
disposed above the reaction chamber for introducing the liq 
uid feedstock, and an outlet disposed below the reaction 
chamber for discharging the noncondensable gas product and 
an effluent stream. The pressure at the inlet is greater than the 
pressure at the outlet, thereby causing the liquid feedstock, 
the noncondensable gas product and the effluent to concur 
rently flow in a downflow direction. In one embodiment, the 
system includes a multi-tube reactor containing a plurality of 
reaction tubes, an outer shell enclosing the reaction tubes, and 
a heating medium system for introducing a heating medium 
into the shell. The catalyst is preferably a heterogeneous 
catalyst having one or more materials capable of producing 
noncondensable gases under aqueous phase reforming con 
ditions, such as Group VIIIB metals, whether alone or in 
combination with Group VIIB metals, Group VIB metals, 
Group VB metals, Group IVB metals, Group IIB metals, 
Group IB metals, Group IVA metals, or Group VA metals. 
0007. The present invention also involves methods for 
producing synthesis gases, such as hydrogen and light hydro 
carbons, and other noncondensable gases from liquid feed 
stocks. The method includes the steps of (a) introducing at a 
first pressure a liquid feedstock through an inlet into a reac 
tion chamber; (b) reacting the liquid feedstock over a hetero 
geneous catalyst at a temperature and pressure effective to 
produce noncondensable gas and an effluent stream; and (c) 
removing the noncondensable gas and effluent from the reac 
tion chamber at a second pressure less than the first pressure 
and in a manner that provides a concurrent downflow of the 
liquid feedstock, gas and effluent. The liquid feedstock pref 
erably includes water and an oxygenated hydrocarbon having 
at least two carbon atoms, such as any one of a number of 
polyols, Sugars, Sugar alcohols, alcohols, starches, lignins, 
cellulosics and water soluble saccharides. The catalyst is 
preferably a heterogeneous catalyst having one or more mate 
rials capable of producing noncondensable gases under aque 
ous phase reforming conditions, such as Group VIIIB metals, 
whether alone or in combination with Group VIIB metals, 
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Group VIB metals, Group VB metals, Group IVB metals, 
Group IIB metals, Group IB metals, Group IVA metals, or 
Group VA metals. 
0008. The resulting gases may be used as a fuel source for 
energy generation via PEM fuel cells, solid-oxide fuel cells, 
internal combustion engines, orgasturbine gensets, or used in 
other chemical processes to produce additional products. The 
gaseous products may also be purified, collected for later use 
or distributed. 
0009. One aspect of the invention is a concurrent down 
flow reactor for converting a liquid feedstock to a noncon 
densable gas product using a heterogenous catalyst, the reac 
tor comprising a reaction chamber comprising at least one 
reaction tube containing a heterogenous catalyst therein; an 
inlet having a pressure P, and adapted to feed the liquid 
feedstock to an upper portion of the reaction chamber; an 
outlet having a pressure P and adapted to discharge the 
noncondensable gas product and an effluent stream from a 
lower portion of the reaction chamber, wherein P, is greater 
than P. 
0010. In an exemplary embodiment of the reactor, the 
reaction chamber comprises a plurality of reaction tubes each 
containing a catalyst therein, an outer shell adapted to enclose 
at least a portion of the reaction tubes, and a heating system 
adapted to introduce a heating medium into the shell to pro 
vide heat to the reaction tubes. 
0011. In another exemplary embodiment of the reactor, the 
catalyst comprises at least one Group VIIIB metal and 
wherein the feedstock comprises water and at least one C. 
water soluble oxygenated hydrocarbon. 
0012. In another exemplary embodiment of the reactor, the 
Group VIIIB metal is platinum, nickel, palladium, ruthenium, 
rhodium, iridium, iron, an alloys thereof, or a mixtures 
thereof, and wherein the oxygenated hydrocarbon is a C 
oxygenated hydrocarbon. 
0013. In another exemplary embodiment of the reactor, the 
catalyst further comprises a second catalytic material being 
Group VIIIB metals, Group VIIB metals, Group VIB metals, 
Group VB metals, Group IVB metals, Group IIB metals, 
Group IB metals, Group IVA metals, Group VA metals, alloys 
thereof, or mixtures thereof. 
0014. In another exemplary embodiment of the reactor, the 
second catalytic material is rhenium and the Group VIIIB 
transition metal is iron, nickel, palladium, platinum, ruthe 
nium, rhodium, alloys thereof, or mixtures thereof. 
0015. In another exemplary embodiment of the reactor, the 
catalyst is adhered to a Support constructed from one or more 
materials being carbon, silica, silica-alumina, alumina, Zirco 
nia, titania, ceria, Vanadia or mixtures thereof. 
0016. In another exemplary embodiment of the reactor, the 
noncondensable gas product comprises one or more gases 
being hydrogen, carbon dioxide, carbon monoxide, methane, 
ethane, ethylene, propane, propylene, butane, butane, pentane 
and pentene. 
0017. Another aspect of the invention is an energy genera 
tion system comprising any one of the inventive reactors set 
forth herein and an energy generation device adapted to use 
the noncondensable gas product as a fuel. 
0018. In an exemplary embodiment of the energy genera 
tion system, the energy generation device is an internal com 
bustion engine, PEM fuel cell, solid-oxide fuel cell, or a gas 
turbine genet. 
0019. Another aspect of the invention is a method for 
manufacture of noncondensable gas using any one of the 
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inventive reactors set forth herein, the method comprising the 
acts or steps of reacting a liquid feedstock comprising water 
and at least one C water Soluble oxygenated hydrocarbon 
using a heterogeneous catalyst comprising one or more 
Group VIIIB metals, at a temperature between about 80°C. to 
300° C. and a reaction pressure suitable to produce the non 
condensable gas and an effluent, wherein a pressure gradient 
provides concurrent downflow of the liquid feedstock, efflu 
ent and noncondensable gas. 
0020. In an exemplary embodiment of the method of 
manufacture, the Group VIIIB metal is platinum, nickel, pal 
ladium, ruthenium, rhodium, iridium, iron, alloys thereof, or 
mixtures thereof. 
0021. In another exemplary embodiment of the method of 
manufacture, the catalyst further comprises a second catalytic 
material being Group VIIB metals, Group VIB metals, Group 
VB metals, Group IVB metals, Group IIB metals, Group IB 
metals, Group IVA metals, Group VA metals, alloys thereof, 
or mixtures thereof. 
0022. In another exemplary embodiment of the method of 
manufacture, the second catalytic material is rhenium and the 
Group VIIIB metal is iron, nickel, palladium, platinum, ruthe 
nium, rhodium, alloys thereof, or mixtures thereof. 
0023. In another exemplary embodiment of the method of 
manufacture, the catalyst is adhered to a Support constructed 
from one or more materials being carbon, silica, silica-alu 
mina, alumina, Zirconia, titania, ceria, Vanadia or mixtures 
thereof. 
0024. In another exemplary embodiment of the method of 
manufacture, the oxygenated hydrocarbon is a C- oxygen 
ated hydrocarbon. 
0025. In another exemplary embodiment of the method of 
manufacture, the oxygenated hydrocarbon is a Sugar or a 
Sugar alcohol. 
0026. In another exemplary embodiment of the method of 
manufacture, the reaction temperature is between about 150° 
C. and about 270° C. and the reaction pressure is between 
about 72 psig and about 1300 psig. 
0027. In another exemplary embodiment of the method of 
manufacture, the noncondensable gas comprises one or more 
gases being hydrogen, carbon dioxide, carbon monoxide, 
methane, ethane, ethylene, propane, propylene, butane, 
butane, pentane and pentene. 
0028. In another exemplary embodiment of the method of 
manufacture, the pressure gradient is in the range of 0.5-3 
psig. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0029 FIG. 1 is an illustration of a single chamber reactor 
system. 
0030 FIG. 2 is a schematic of an exemplary multi-tube 
reactor system. 
0031 FIG. 3 is a top view of an exemplary multi-tube 
reactor system. 
0032 FIG. 4 is a basic system schematic of an exemplary 
embodiment of a single chamber reactor system in combina 
tion with an energy generation apparatus or machine. 
0033 FIG. 5 is a block diagram illustrating a reactor sys 
tem according to one exemplary embodiment integrated. 
0034 FIG. 6 is an illustration of the single tube reactor 
system used in Example 1. 
0035 FIG. 7 illustrates the catalyst bed temperature along 
the length of a single tube reactor during the production of 
synthesis gas from glycerol. 
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0036 FIG. 8 illustrates the multiphase transition along the 
length of a reactor. 
0037 FIG. 9 illustrates the gas concentration gradient for 
an exemplary embodiment of the present invention as com 
pared to trickle-bed reactor systems, such as that disclosed in 
EP Application 0323,663. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS 

0038. The present invention is directed to reactor systems 
and their use in converting liquid feedstocks to noncondens 
able gases, such as hydrogen and light hydrocarbons. The 
reactor Systems differ from conventional systems in that the 
reactor is designed so that the feedstock solution, resulting 
gas products and any effluent flow in a concurrent downflow 
direction. The generated gases are useful as a fuel source for 
energy generation via PEM fuel cells, solid-oxide fuel cells, 
internal combustion engines, orgasturbine gensets, or used in 
other chemical processes to produce additional products. The 
gaseous products may also be purified and collected for later 
use or distribution. 

0039 Referring to FIG. 1, an aqueous feedstock solution 
is introduced into reaction chamber 2 through inlet 4 where it 
is reacted over a heterogeneous catalyst 6 at a pressure and 
temperature effective to produce the desirable noncondens 
able gases and an effluent stream. The noncondensable gases 
and effluent flow in a concurrent downflow direction to outlet 
8 where they are collected and/or transferred for downstream 
processing or use. The concurrent downflow is achieved by 
maintaining the pressure (P.) at inlet 4 at a level greater than 
the pressure (P) at outlet 8 so as to provide a pressure gradi 
ent along the length of the reaction chamber 2. To maximize 
performance, it is also desirable to maintain a Substantially 
similar pressure across the horizontal plane of the reaction 
chamber 2 so as to cause equal distribution of the feedstock, 
gas product and effluent across the reactor and the continuous 
flow of the gas product through outlet 8. 
0040. The reactor system is particularly useful for produc 
ing light hydrocarbons (e.g., C. parrafins and olefins) and 
hydrogen from biomass-derived oxygenated hydrocarbons 
using aqueous phase reforming. Aqueous-Phase Reforming 
(APR) is a catalytic reforming process that generates light 
hydrocarbons (e.g. methane, ethane, ethylene, propane, pro 
pylene, butane, 1-butene, pentane, 1-pentene, 2-pentene, hex 
ane, etc.), carbon monoxide, carbon dioxide and/or hydrogen 
by the reaction of oxygenated compounds with liquid water at 
low temperatures. The key breakthrough of the APR process 
is that the reforming can be done in the liquid phase and at 
temperatures (e.g., 150° C. to 270° C.) where the water-gas 
shift reaction is favorable, thereby making it possible togen 
erate hydrogen with low amounts of CO in a single chemical 
reactor. In the case of hydrogen production, the reaction also 
tends to be endothermic, thereby avoiding the concerns asso 
ciated with exothermic reactions. Various methods and tech 
niques for practicing APR are described in U.S. Pat. Nos. 
6,699.457; 6,964,757 and 6,964,758; and U.S. patent appli 
cation Ser. No. 1 1/234,727 (all to Cortright et al., entitled 
“Low-Temperature Hydrogen Production from Oxygenated 
Hydrocarbons'); and U.S. Pat. No. 6,953,873 (to Cortright et 
al., and entitled “Low Temperature Hydrocarbon Production 
from Oxygenated Hydrocarbons'); and commonly owned 
co-pending International Patent Application No. PCT/ 
US2006/048030 (to Cortright et al., and entitled “Catalyst 
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and Methods for Reforming Oxygenated Compounds’), all 
of which are incorporated herein by reference. 
0041. In addition to aqueous phase reforming, the present 
invention is also useful in other systems that generate non 
condensable gases from liquid feedstocks. Noncondensable 
gases are generally classified as those gases that exist in the 
gas phase at standard temperature and pressure. Illustrated 
examples of various noncondensable gases and their boiling 
points, critical pressures and critical temperatures are set 
forth in Table 1 below. 

TABLE 1 

Boiling Critical Critical 
Gas Point (C.) Pressure (psia) Temp (C.) 

Hydrogen -252.8 188.1 -239.9 
Carbon Monoxide -1915 SO7.4 -140.02 
Carbon Dioxide -78.4 1070.6 31 
Methane -161.5 673.1 -82.1 
Ethane -88.6 712.8 32.4 
Propane -42.1 618.7 96.8 
n-Butane -0.5 550.7 152 
Ethylene -103.7 742.1 9.9 
Propylene -47.7 667.1 91.8 
1-Butene -6.3 S83.4 146.4 
Nitrogen -1958 492.2 -1499 
Oxygen -183 731.4 118.6 
Helium -268.9 33.2 -268 

0042. In its operation, the liquid feedstock enters the reac 
tion chamber where it is contacted with the catalyst. As the 
liquid feedstock continues down the reaction chamber it is 
catalytically reacted to produce gaseous product and an efflu 
ent containing water, unreacted feedstock and any other 
byproducts. The result is a liquid phase Zone in the early 
portions of the reactor, followed by a two-phase Zone con 
taining both gaseous product and effluent, and then, in some 
applications, a complete conversion to a gas phase as the 
effluent is vaporized (FIG. 8). The production of the gaseous 
products results in an increase in the catalyst bed temperature 
(FIG. 7) and a continued increase in the concentration of 
gaseous products (FIG. 9) as the reaction commences down 
the length of the reactor. Contrast that with trickle-bed reac 
tors where the gas reactant is consumed along the length of 
the reactor Such that the gas concentration decreases, or is 
passed directly through the system as a diluent (FIG. 9). 
0043. The present invention differs from conventional 
technologies in that it makes use of a downflow configuration. 
A downflow configuration is a non-desirable flow scheme due 
to the problems of gas removal, vapor lock and mal-distribu 
tion of flow, especially as the concentrations of gaseous prod 
ucts increased. If liquid flow diminished or ceased, and a 
Subsequent stall of reaction activity occurred, a heat sink 
would no longer exist, leading to stagnation and overheating 
in the system. As such, the downflow configuration is a non 
desirable system for producing gaseous products from liquid 
feedstocks. 

0044) The present invention overcomes the vapor lock, 
flow mal-distribution and gas removal problems by maintain 
ing a Substantially similar pressure gradient across the reac 
tor, especially in multi-tube reactors, thereby imparting 
enough force on the gaseous products to overcome buoyancy. 
By maintaining a pressure gradient along the length of the 
reactor, the resulting flow further assists in overcoming stag 
nation and gas removal issues. The pressure gradient may be 
of any range so long as the pressure at the inlet is greater than 
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the pressure at the outlet, and may beachieved by considering 
the throughput of the reactor in conjunction with the main 
variables of catalyst particle size and length to diameter (L/D) 
ratio of the reactor. 

0045. Unlike reactors systems in which gaseous feed 
stocks are converted to synthesis gases, and other noncon 
densable gas products, the present invention involves the 
conversion of the liquid feedstock directly to the desirable gas 
product. The conversion in this manner has several benefits as 
compared to the gas-to-gas systems. Specifically, the present 
invention does not require the extreme temperatures or sys 
tem pressures required of gas-based systems. The ability to 
perform the conversion reactions at lower pressures (typically 
15 to 50 bar) also allows for the gas product stream to be more 
effectively purified and reduces the need for energy consum 
ing pressure systems. The low temperatures also minimize 
the occurrence of undesirable decomposition reactions typi 
cally encountered when carbohydrates are heated to elevated 
temperatures, thereby allowing for the use of biomass derived 
feedstocks. The down-flow configuration may also improve 
the selectivity, stability and efficiency of the process, and 
advantageously improves the overall conversion of the liquid 
feedstock to the desirable noncondensable gas products. In 
terms of scaled-up production, after start-up, the reactor sys 
tems could be process controlled, and the reactions would 
proceed at steady-state. 
0046. The use of a liquid feedstock also assists in over 
coming the vapor lock, flow mal-distribution and gas removal 
concerns. For instance, the liquid feedstock simplifies the 
equal distribution across the reactor System, especially in 
multi-tube systems, and removes the need for complex ele 
ments required in two-phase systems. Such as the liquid and 
gas mixers used in trickle-bed reactors. The single liquid 
phase at the inlet also serves as a cap or barrier that impedes 
the buoyant gaseous products produced in the later two-phase 
portion of the reactor from percolating up to the inlet and 
disturbing the incoming feedstock distribution. 
0047. In one application of the invention, the noncondens 
able gases are generated from an aqueous feedstock Solution 
containing oxygenated hydrocarbons. The oxygenated 
hydrocarbons can be any water-soluble oxygenated hydrocar 
bonhaving two or more carbonatoms and at least one oxygen 
atom. Preferably, the oxygenated hydrocarbon has 2 to 12 
carbon atoms, and more preferably 2 to 6 carbon atoms. The 
oxygenated hydrocarbon may also have an oxygen-to-carbon 
ratio ranging from 0.5:1 to 1.5:1, including ratios of 0.75:1.0, 
1.0:1.0, 1.25:1.0, 1.5:1.0, and other ratios there-between. In 
exemplary embodiments, the oxygenated hydrocarbon has an 
oxygen-to-carbon ratio of 1:1. Nonlimiting examples of 
water-soluble oxygenated hydrocarbons include ethanediol. 
ethanedione, acetic acid, propanol, propanediol, propionic 
acid, glycerol, glyceraldehyde, dihydroxyacetone, lactic 
acid, pyruvic acid, malonic acid, butanediols, butanoic acid, 
aldotetroses, tautaric acid, aldopentoses, aldohexoses, 
ketotetroses, ketopentoses, ketohexoses, alditols, Sugars, 
Sugar alcohols, cellulosic derivatives, lignocellulosic deriva 
tives, Saccharides, starches, polyols and the like. In one exem 
plary embodiment, the oxygenated hydrocarbon includes 
Sugar, Sugar alcohol, saccharides and glycerol. More particu 
larly, the oxygenated hydrocarbon is a Sugar, such as glucose, 
fructose. Sucrose, maltose, lactose, mannose or Xylose, or a 
Sugar alcohol. Such as arabitol, erythritol, glycerol, isomalt, 
lactitol, malitol, mannitol, sorbitol or xylitol. 
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0048. The oxygenated hydrocarbon is combined with 
water to provide an aqueous feedstock Solution having a 
concentration effective for conversion to the desirable gas 
eous products. The water-to-carbon ratio on a molar basis 
should be from about 0.5:1 to about 20:1, including ratios 
such as 1:1, 2:13:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1, 15:1, and 
any ratios there-between. The feedstock solution may also be 
characterized as a solution having at least 20 weight percent 
(wt %) of the total solution as an oxygenated hydrocarbon. 
For example, the solution may include one or more oxygen 
ated hydrocarbons, with the total concentration of the oxy 
genated hydrocarbons in the solution being at least about 
10%, 20%, 30%, 40%, 50%, 60%, or greater by weight, 
including any percentages between, and depending on the 
oxygenated hydrocarbons used. In one exemplary embodi 
ment, the feedstock solution includes at least about 20%, 
30%, 40%, 50%, or 60% of a sugar, such as glucose, fructose, 
Sucrose or xylose, or a Sugar alcohol. Such as Sorbitol, man 
nitol, glycerol or xylitol, by weight. 
0049. The temperature and pressure conditions are such 
that at least a portion of the feedstock is maintained in the 
liquid phase at the reactor inlet. The temperature and pressure 
conditions may also be selected to more favorably produce 
the desirable gaseous products in the vapor-phase. In general, 
the reaction should be conducted at a temperature where the 
thermodynamics are favorable. For instance, the minimum 
pressure required to maintain a portion of the feedstock in the 
liquid phase will vary with the reaction temperature. As tem 
peratures increase, higher pressures will generally be 
required to maintain the feedstock in the liquid phase. In 
terms of scaled-up production, after start-up, the reactor sys 
tems could be process controlled, and the reactions would 
proceed at steady-state equilibrium. 
0050. The reaction temperature may be from about 80° C. 
to about 300° C., and the reaction pressure from about 72 psig 
to about 1300 psig. In one exemplary embodiment, the reac 
tion temperature is between about 120° C. and about 300°C., 
or between about 150° C. and about 270° C. The reaction 
pressure is between about 72 and 1200 psig, or between about 
145 and 1200 psig, or between about 200 and 725 psig, or 
between about 365 and 675 psig. 
0051. In general, the reaction should be conducted under 
conditions where the residence time (t) of the feedstock 
Solution over the catalyst is appropriate to generate the desir 
able gaseous products. For example, the WHSV for the reac 
tion may be at least about 0.25 gram of oxygenated hydro 
carbon per gram of catalyst per hour, or at least 0.5 grams, or 
at least 5.0 grams, or at least 10.0 grams, or at least 100.0 
grams, or at least 1000.0 grams of oxygenated hydrocarbon 
per gram of catalyst per hour. 
0.052 Alkali or alkali earth salts may also be added to the 
feedstock solution to optimize the proportion of hydrogen in 
the reaction products. Examples of suitable water-soluble 
salts include one or more selected from the group consisting 
of an alkali or an alkali earth metal hydroxide, carbonate, 
nitrate, or chloride salt. For example, adding alkali (basic) 
salts to provide a pH of about pH 4.0 to about pH 10.0 can 
improve hydrogen selectivity. 
0053. The heterogeneous catalyst is capable of catalyzing 
the reaction of water and oxygenated hydrocarbons to form 
hydrogen and/or hydrocarbons under the conditions 
described above. The exemplary catalyst includes a nitride, or 
a carbide or at least one Group VIIIB metal, and any alloy or 
mixtures thereof. The catalyst may also include a nitride, or a 
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carbide, or at least one Group VIIIB metal, in combination 
with at least one second metal selected from Group VIIIB, 
Group VIIB, Group VIB, Group VB, Group IVB, Group IIB, 
Group IB, Group IVA or Group VA metals. The exemplary 
Group VIIB metals include rhenium, manganese, or combi 
nations thereof. The exemplary Group VIB metals include 
chromium, molybdenum, tungsten, or a combination thereof. 
The exemplary Group VIIIB metals include platinum, 
rhodium, ruthenium, palladium, nickel, or combinations 
thereof. Specific illustrative examples include Ni:Pd and 
Pt:Re. 
0054 Preferred loading of the primary Group VIIIB metal 

is in the range of 0.25 wt % to 25 wt % on carbon, with weight 
percentages of 0.10% and 0.05% increments between, such as 
1.00%, 1.10%, 1.15%, 2.00%, 2.50%, 5.00%, 10.00%, 
12.50%, 15.00% and 20.00%. The preferred atomic ratio of 
the second metal is in the range of 0.25-to-1 to 10-to-1, 
including ratios between, such as 0.50, 1.00, 2.50, 5.00, and 
750-to-1 
0055 One exemplary catalyst composition is achieved by 
the addition of oxides of Group IIIB, and associated rare earth 
oxides. In Such event, the components include oxides of either 
lanthanum or cerium. The atomic ratio of the Group IIIB 
compounds to the primary Group VIIIB metal may be in the 
range of 0.25-to-1 to 10-to-1, including ratios between, such 
as 0.50, 1.00, 2.50, 5.00, and 7.50-to-1. 
0056. Another exemplary catalyst composition is one con 
taining platinum and rhenium. The atomic ratio of platinum to 
rhenium may be in the range of 0.25:1 to 10:1 including ratios 
there-between, such as 0.50:1, 1.00:1, 2.50:1, 5.00:1, and 
7.00:1. The loading of the platinum may be in the range of 
0.25 wt % to 5.0 wt %, with weight percentages of 0.10% and 
0.05% increments between, such as 0.35%, 0.45%, 0.75%, 
1.10%, 1.15%, 2.00%, 2.50%, 3.0%, and 4.0%. 
0057 The catalyst systems may also include a support 
Suitable for Suspending the catalyst in the feedstock solution. 
The support should be one that provides a stable platform for 
the chosen catalyst and the reaction conditions. The Support 
may take any form which is stable at the chosen reaction 
conditions to function at the desirable levels, and specifically 
stable in aqueous feedstock solutions. Such supports include, 
without limitation, carbon, silica, silica-alumina, alumina, 
Zirconia, titania, ceria, Vanadia and mixtures thereof. Nan 
oporous Supports such as Zeolites, carbon nanotubes, or car 
bon fullerene may also be used. 
0058. One exemplary catalyst support is carbon, espe 
cially carbon Supports having relatively high Surface areas 
(greater than 100 square meters per gram). Such carbons 
include activated carbon (granulated, powdered, or pellet 
ized), activated carbon cloth, felts, or fibers, carbon nano 
tubes or nanohorns, carbon fullerene, high Surface area car 
bon honeycombs, carbon foams (reticulated carbon foams), 
and carbon blocks. The carbon may be produced via either 
chemical or steam activation of peat, wood, lignite, coal, 
coconut shells, olive pits, and oil based carbon. Another Sup 
port is granulated activated carbon produced from coconuts. 
In one embodiment, the catalyst system consists of platinum 
on carbon, with the platinum being further alloyed or 
admixed with nickel, ruthenium, copper, iron, or rhenium. 
0059 Another exemplary catalyst support is zirconia. The 
Zirconia may be produced via precipitation of Zirconium 
hydroxide from Zirconium salts, through sol-gel processing, 
or any other method. The Zirconia may be present in a crys 
talline form achieved through calcination of the precursor 
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material attemperatures exceeding 400° C. and may include 
both tetragonal and monoclinic crystalline phases. A modi 
fying agent may also be added to improve the textural or 
catalytic properties of the Zirconia. Modifying agents include, 
without limitation, Sulfate, tungstenate, phosphate, titania, 
silica, and oxides of Group IIIB metals, especially cerium, 
lanthanum, or yttrium. In one embodiment, the catalyst sys 
tem consists of platinum on a primarily tetragonal phase silica 
modified zirconia, with the platinum being further alloyed or 
admixed with nickel, ruthenium, copper, iron, or rhenium. 
0060 Another exemplary catalyst support is titania. The 
titania may be produced via precipitation from titanium salts, 
through sol-gel processing, or any other method. The titania 
may be present in a crystalline form and include both anatase 
and rutile crystalline phases. A modifying agent may also be 
added to improve the textural or catalytic properties of the 
titania. Such modifying agents include, without limitation, 
sulfate, silica, and oxides of Group IIIB metals, especially 
cerium, lanthanum, or yttrium. 
0061 Another exemplary catalyst support is silica. The 
silica may be optionally combined with alumina to form a 
silica-alumina material. In one embodiment, the catalyst sys 
tem is platinum on silica-alumina or silica, with the platinum 
being further alloyed or admixed with nickel, ruthenium, 
copper, iron or rhenium. In another embodiment, the catalyst 
system is nickel on silica-alumina or silica, with the nickel 
being further alloyed or admixed with copper, rhenium, 
ruthenium or iron. 

0062. The support may also be treated or modified to 
enhance its properties. For example, the Support may be 
treated, as by Surface-modification, to modify Surface moi 
eties. Such as hydrogen and hydroxyl. Surface hydrogen and 
hydroxyl groups can cause local pH variations that affect 
catalytic efficiency. The support may also be modified, for 
example, by treating it with Sulfates, phosphates, tungste 
nates, and silanes. For carbon Supports, the carbon may be 
pretreated with Steam, oxygen (from air), inorganic acids or 
hydrogen peroxide to provide more surface oxygen sites. The 
pretreated carbon may also be modified by the addition of 
oxides of Group IVB and Group VB, such as the oxides of 
titanium, Vanadium, Zirconium and mixtures thereof. 
0063. The catalyst systems, whether alone or mixed 
together, may be prepared using conventional methods 
knownto those skilled in the art. Such methods include incipi 
ent wetting, evaporative impregnation, chemical vapor depo 
sition, wash-coating, magnetron sputtering techniques, and 
the like. The method chosen to fabricate the catalyst is not 
particularly critical to the function of the invention, with the 
proviso that different catalysts will yield different results, 
depending upon considerations such as overall Surface area, 
porosity, etc. 
0064 FIGS. 2 and 3 provide a detailed schematic of one 
reactor system useful in practicing the present invention. 
Although a multi-tube reactor system is illustrated, it is rec 
ognized that the present invention may also be practiced in 
reactor Systems having a single reaction vessel or in other 
configurations utilizing other multiple reaction vessels. 
0065 Referring to FIG. 2, a liquid feedstock is introduced 
at the inlet 4 to a reactor 2 containing reaction tubes 16 packed 
with catalyst and having an outer shell region defined by an 
exterior housing 18. The liquid feedstock enters an open 
plenum (not shown) where a distribution plate 14 resides to 
distribute the liquid feedstock into the multiple reactor tubes 
16. As illustrated in FIG. 3, the liquid feedstock is isolated to 
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flow only to the reactor tubes 16 as a result of a gasket on the 
seal surface 28, which is compressed by bolts through bolt 
holes 30. The sealed environment has the additional benefit of 
facilitating the equal distribution of the liquid feedstock 
across all of the reactor tubes, thereby assisting in maintain 
ing an equal pressure distribution across the reactor system. 
Once in the reactor tubes 16, the liquid feedstock flows 
through the catalyst where it reacts to form the noncondens 
able gas and effluent stream. The gas product and effluent 
collect in the hemispherical collection area 26 prior to exiting 
through the outlet port 8. 
0066. A heating medium is introduced into the external 
shell 18 to provide process heat to the reactor system. The 
heating medium can be of any kind typically used in heat 
exchange reactors, and may vary based on the specific aspects 
of the desirable reaction and the heat exchange mechanism 
employed. The medium may be either gas, liquid or Solid, and 
may include, without limitation, exhaust from the system, air, 
steam, heating oil, molten salt, Sand, water, etc. 
0067. In this illustration, the shell 18 contains internal 
features 20 to enhance the flow characteristics of the heating 
medium. The heating media enters at 22 and exits the system 
at 24, but may flow through the shell region 18 in a co-current 
or counter current direction as each flow pattern has its advan 
tage depending upon the feedstock, catalysts and general 
energy requirements of the system as a whole. The shell may 
also have side ports 54, whereby exhaust gases from an 
energy generation apparatus flow at cross-current to the reac 
tion mixture in the reactor tubes 16. The shell may also be 
Vertically segmented and a plurality of inlet and outlet ports 
provided, whereby more precise temperature control may be 
achieved by introducing heating mediums of various tem 
peratures through the segments. 
0068. The noncondensable gas product may be purified 
and separate for its intended purpose or feed directly into an 
associated downstream process. For instance, the gas product 
may be feed directly into a combustion engine. The presence 
of H and CO in fuel gases has shown to have a beneficial 
effect on combustion in internal combustion engines. Hydro 
gen is a particular beneficial additive as it has a wide flam 
mability range with fast flame speeds respective to other 
hydrocarbon fuels. The addition of H, to traditional hydro 
carbon fuels has also shown an extension to the lean-burn of 
combustion, which provides a higher air to fuel ratio, lower 
combustion temperatures and a decrease in nitrogen oxide 
(NOx) emissions. Carbon dioxide, which is present in APR 
gas, has also been used in exhaust gas recycle (EGR) to 
reduce the combustion temperature which, in turn, can lower 
nitrogen oxides (NOx) emissions. 
0069. For certain applications, it may also be desirable to 

first purify the product stream to isolate the noncondensable 
gas product. The elevated pressure at which the reactor oper 
ates also provides a synergistic result when used in conjunc 
tion with a gas purification device, such as a PSA or a mem 
brane. Purifications systems are well known in the art and 
include various phase separators, membranes and gas distil 
lation columns. For example, a phase separator may be 
employed to collect the hydrogen for further use in down 
stream processes, such as various chemical reactions that 
make use of hydrogen as a reactant. In other embodiments, a 
separation membrane may be employed to purify the gas 
stream to capture the hydrogen for use directly in hydrogen 
applications, such as for use in hydrogen fuel cells. 
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0070 The elevated pressure at which the reactor operates 
also provides a synergistic result when used in conjunction 
with an energy generation device, such as an internal com 
bustion engine or fuel cell. With a high level of gaseous or 
high boiling hydrocarbons in the hydrocarbon mix, the entry 
pressure for the device should be between about 2 and 120 
psig. If the reactor system pressure is higher than the desirable 
feed pressure, the pressure can be reduced to the desirable, but 
still elevated, pressure. 
(0071 Referring to FIG. 4 and particularly to FIG. 5, a feed 
tank 101 storing a mixture of oxygenated compounds and 
water feeds a charge pump 103 through a feed line 102. The 
charge pump 103 increases the pressure of the liquid feed 
stock solution to the desirable reaction pressure in the reactor 
system 107. The discharge 104 of the charge pump 103 feeds 
into a pre-heat exchanger 105 that extracts heat from the 
reactor effluent to heat the liquid feed that is fed through line 
106 to reactor 107 having reactor tube(s) 107a and shell 107b. 
The reactor tubes 107a are packed with the desirable cata 
lysts, which may be homogenously mixed or sequentially 
packed. 
(0072 Hoteffluent gas 135 from the catalytic burner 134 is 
directed to the shell region 107b of the reactor 107 to heat the 
reactor tubes 107a to the desirable temperature. The reactor 
effluent containing the reaction products passes through line 
108 and into the reactor pre-heat exchanger 105 and is then 
sent through line 109 to a heat recuperator 110 that heats the 
excess combustion air 113 to the burner 134. A blower 111 
provides the necessary combustion air to the recuperator 
throughline 112. The cooled reactor effluent (line 114) is then 
further cooled utilizing a liquid cooled heat exchanger 115. 
The cooling liquid for this system is provided via a recircu 
lation pump 116 that feeds cooling liquid to the heat 
exchanger 117. The resulting heated liquid leaves the heat 
exchanger 117 through line 118. 
0073. The cooled reactor effluent 119 containing the non 
condensable gas product and liquid water are sent to a water 
vapor separator 120. The water level in this separator is moni 
tored utilizing a level sensor (not shown) that sends a signal to 
a level controller that controls a valve on the separator effluent 
line 121. The vapor-phase product exits the water-vapor sepa 
rator via line 122. The pressure of the separator 120 and 
upstream of the reactor 107 is controlled via a mechanical 
back pressure regulator 123 on line 122. The gas is then sent 
to a set of surge tanks 124 which allow for storage of the 
gaseous reactor products and to allow for buffering in the 
event of system changes. 
0074. In the case illustrated in FIG. 5, an internal combus 
tion engine (ICE) 129 is employed to use the gas products as 
a fuel for generating energy. The noncondensable gas travels 
through line 125 to a forward pressure regulator 126 that 
reduces the pressure to that required to supply the ICE 129. 
The gas is mixed with ambient air from line 128 and com 
busted to cause the engine to turn an electrical generator 130 
which produces electricity. In another embodiment, the ICE 
129 may also be connected to a drive shaft that directly runs 
associated machinery. 
0075. In the illustrated embodiment, the combustion 
exhaust product from the engine 129 travels through line 131 
and is diverted around the system by way of line 137 and 138 
to the outside atmosphere. Alternatively, the exhaust gas may 
also be diverted into line 132 where it mixes with preheated 
blower air in line 113. The exhaust and air gas mixture then 
passes over the catalytic burner 134. If additional heat is 
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required for the reactor 107, additional gas can be sent to the 
catalytic burner 134 from the surge tanks 124 via the control 
valve 140. 

EXAMPLES 

0076. The following examples are to be considered illus 
trative of various aspects of the invention and should not be 
construed to limit the scope of the invention, which are 
defined by the appended claims. 

Example 1 
0077. A single reactor system was used to compare the 
effect of flow patterns (upflow versus downflow) on the effi 
ciency and conversion of a feedstock to a gas product. A 
single reactor system (as illustrated in FIG. 6) was loaded 
with approximately 140 grams of a 5% Pt Pt:ReO.25 catalyst 
on a Calgon 206 CAT P 80x120 (1031-023-1) support. The 
reactor tube had an outside diameter of 1 inch and a total 
length of approximately 24 inches. An aqueous feedstock 
solution of glycerol (32.6 wt % glycerol to water) was fed into 
the reactor at a weight hourly space velocity (WHSV) of 1.0 
gram of glycerol per gram of catalyst per hour. The reaction 
conditions were set at 625 psig and 250° C. (preheater) with 
a co-current heating medium airflow of 400°C. The pressure 
gradient from the inlet to the outlet ranged from 1 psig to 2.5 
psig, FIG. 7 illustrates the catalyst bed temperature along the 
length of the reactor for a single downflow condition. 

TABLE 2 

Performance improvement due to downflow reactor configuration 

Reactor Operating Conversion to Gaseous Efficiency 
Experiment Temperature (C.) Products (%) (%) 

Downflow 260 60 40 
Upflow 260 52 2O 
Downflow 270 90 60 
Upflow 270 85 52 

0078. As shown in Table 2, the downflow configuration 
shows higher conversion to gaseous products and higher effi 
ciencies, especially at the lower temperature. As illustrated in 
Table 3, the downflow configuration also shows stability 
enhancement on the conversion to gaseous products and effi 
ciency over time. The conversion to gaseous products is 
defined as the molar ratio of carbon in the gaseous product 
stream to carbon fed to the system over the same time period. 
Process efficiency is defined as a ratio of the product of the 
flow rate and lower heating value of the gaseous product 
stream to the rate of heat imparted to the catalytic reactor. 
0079. The data in Table 3 shows the reactor performance 
after a month of operation. As can be seen, a marked enhance 
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ment in stability is evident during downflow operation with 
respect to the conversion to gaseous products and efficiency. 

TABLE 3 

Performance of upflow and downflow configurations over time 

Flow Conversion to gaseous Efficiency 
Day orientation products (%) (%) 

27 Upflow 60 48 
34 Upflow 50 18 
36 Upflow 45 28 
37 Downflow 59 60 
38 Downflow 57 60 
39 Downflow 57 58 

Example 2 

0080 A downflow multi-tube reactor system as illustrated 
in FIGS. 2 and 3 was used to generate synthesis gas from 
glycerol. The reactor system included 47 reactor tubes loaded 
with a combined total of approximately 6,460 grams of a 5% 
Pt Pt:Re 0.50 catalyst on a Calgon 206 CAT P 80x120 sup 
port. The reactor tubes had an outside diameter of 1 inch and 
a total catalyst filled length of approximately 24 inches. An 
aqueous feedstock solution of glycerol (36.2 wt % glycerol to 
water) was fed into the reactor at a WHSV of 0.5 to 1.0 gram 
of glycerol per gram of catalyst per hour. The reaction con 
ditions were set at 600 psig and 250° C. (preheater). A co 
current heating medium air flow was Supplied at an airflow 
rate of 90 SCFM and a temperature varying from approxi 
mately 350° C. to 415° C. depending on conditions. The 
pressure gradient from the inlet to the outlet across the reactor 
ranged from approximately 0.5 to 3 psig. 
I0081 Performance of the system and comparative data 
from a similarly operated single tube reactor are shown below 
in Table 4. The performance of the multi-tube reactor is 
indistinguishable from that of the single tube reactor used in 
Example 1, loaded with the same 5% Pt Pt: Re 0.5 catalyst and 
operated at similar conditions, with respect to the conversion 
to hydrogen and light hydrocarbons and hydrogenyield in the 
downflow configuration, indicating that the downflow con 
figuration has little or no adverse effect on flow distribution in 
a multi-tubular reactor. Hydrogenyield is defined as a ratio of 
the amount of hydrogen in the product stream to the amount 
that would be present if the reaction had proceeded with 
Stoichiometric selectivity to hydrogen. 

TABLE 4 

Single tube and multi-tube reactor performance comparison 

Conversion Conversion Conversion Hydrogen Hydrogen Hydrogen 
to gas (%), to gas (%), to gas (%), yield (%), yield (%), yield (%), 

Reactor WHSV 1 WHSV 0.8 WHSV 0.5 WHSV1 WHSV 0.8 WHSV 0.5 

Single tube 93 to 94 85 to 91 94 to 98 43 to 47 44 to SO 45 to 48 
Multi-tube 94 to 96 87 to 91 93 to 96 43 to 45 39 to 46 46 to 48 
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We claim: 
1. A concurrent downflow reactor for converting a liquid 

feedstock to a noncondensable gas product using a heteroge 
neous catalyst, the reactor comprising: 

a reaction chamber comprising at least one reaction tube 
containing a heterogenous catalyst therein; 

an inlet having a pressure P, and adapted to feed the liquid 
feedstock to an upper portion of the reaction chamber, 

an outlet having a pressure P and adapted to discharge the 
noncondensable gas product and an effluent stream from 
a lower portion of the reaction chamber; and 

wherein P, is greater than P. 
2. The reactor of claim 1, wherein the reaction chamber 

comprises a plurality of reaction tubes each containing a 
catalyst therein, an outer shell adapted to enclose at least a 
portion of the reaction tubes, and a heating system adapted to 
introduce a heating medium into the shell to provide heat to 
the reaction tubes. 

3. The reactor of claim 1, wherein the catalyst comprises at 
least one Group VIIIB metal and wherein the feedstock com 
prises water and at least one C water Soluble oxygenated 
hydrocarbon. 

4. The reactor of claim3, wherein the Group VIIIB metal is 
selected from the group consisting of platinum, nickel, pal 
ladium, ruthenium, rhodium, iridium, iron, alloys thereof, 
and mixtures thereof, and wherein the oxygenated hydrocar 
bon is a C- oxygenated hydrocarbon. 

5. The reactor of claim 4, the catalyst further comprising a 
second catalytic material selected from the group consisting 
of Group VIIIB metals, Group VIIB metals, Group VIB met 
als, Group VB metals, Group IVB metals, Group IIB metals, 
Group IB metals, Group IVA metals, Group VA metals, alloys 
thereof, and mixtures thereof. 

6. The reactor of claim 5, wherein the second catalytic 
material is rhenium and the Group VIIIB transition metal is 
selected from the group consisting of iron, nickel, palladium, 
platinum, ruthenium, rhodium, alloys thereof, and mixtures 
thereof. 

7. The reactor of claim3, wherein the catalyst is adhered to 
a Support constructed from one or more materials selected 
from the group consisting of carbon, silica, silica-alumina, 
alumina, Zirconia, titania, ceria, Vanadia and mixtures 
thereof. 

8. The reactor of claim 1, wherein the noncondensable gas 
product comprises one or more gases selected from the group 
consisting of hydrogen, carbon dioxide, carbon monoxide, 
methane, ethane, ethylene, propane, propylene, butane, 
butane, pentane and pentene. 

9. An energy generation system comprising any one of the 
reactors of claim 1-8 and an energy generation device adapted 
to use the noncondensable gas product as a fuel. 

10. The energy generation system of claim 9, wherein the 
energy generation device is a member selected from the group 
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consisting of an internal combustion engine, PEM fuel cell, 
Solid-oxide fuel cell, and gas turbine genset. 

11. A method for the manufacture of noncondensable gas, 
the method comprising: 

reacting a liquid feedstock comprising water and at least 
one C water soluble oxygenated hydrocarbon using a 
heterogeneous catalyst comprising one or more Group 
VIIIB metals, at a temperature between about 80° C. to 
300° C. and a reaction pressure suitable to produce the 
noncondensable gas and an effluent, wherein a pressure 
gradient provides concurrent downflow of the liquid 
feedstock, effluent and noncondensable gas. 

12. The method of claim 11, wherein the Group VIIIB 
metal is selected from the group consisting of platinum, 
nickel, palladium, ruthenium, rhodium, iridium, iron, alloys 
thereof, and mixtures thereof. 

13. The method of claim 11, wherein the catalyst further 
comprises a second catalytic material selected from the group 
consisting of Group VIIB metals, Group VIB metals, Group 
VB metals, Group IVB metals, Group IIB metals, Group IB 
metals, Group IVA metals, Group VA metals, alloys thereof, 
and mixtures thereof. 

14. The method of claim 13 wherein the second catalytic 
material is rhenium and the Group VIIIB metal is selected 
from the group consisting of iron, nickel, palladium, plati 
num, ruthenium, rhodium, alloys thereof, and mixtures 
thereof. 

15. The method of claim 11 wherein the catalyst is adhered 
to a support constructed from one or more materials selected 
from the group consisting of carbon, silica, silica-alumina, 
alumina, Zirconia, titania, ceria, Vanadia and mixtures 
thereof. 

16. The method of claim 11, wherein the oxygenated 
hydrocarbon is a C- oxygenated hydrocarbon. 

17. The method of claim 16, wherein the oxygenated 
hydrocarbon is a member selected from the group consisting 
of Sugar and Sugar alcohol. 

18. The method of claim 11, wherein the reaction tempera 
ture is between about 150° C. and about 270° C. and the 
reaction pressure is between about 72 psig and about 1300 
psig. 

19. The method of claim 11 using any one of the reactors of 
claims 1-8. 

20. The method of claim 11, wherein the noncondensable 
gas comprises one or more gases selected from the group 
consisting of hydrogen, carbon dioxide, carbon monoxide, 
methane, ethane, ethylene, propane, propylene, butane, 
butane, pentane and pentene. 

21. The method of claim 11, wherein the pressure gradient 
is in the range of 0.5-3 psi.g. 

c c c c c 


