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INTRODUCTION

The water-gas shift reaction involves the reaction of carbon monoxide and
steam to produce hydrogen and carbon dioxide and derived its name from its indus-
trial use to increase the hydrogen content of water gas produced from the reaction
of steam with hot coke or coal. Current interest in this reaction lies in the
tailoring of the hydrogen to carbon monoxide ratio of gas streams employed for
chemical synthesis. For example, product gas from a typical coal gasification
unit may have an H, to CO ratio of approximately 1 to 1 while the synthesis gas
composition required for methanol production would have a ratio of 2 to 1 and the
ratio for methane synthesis is 3 to 1.

The study of catalysts for this reaction has focused primarily on heteroge-
neous catalysts (1). Specifically, iron oxide-chromium oxide catalysts have been
used at high temperature (350 to 450°C) and newer low temperature (200-260°C)
copper-zinc oxide catalysts have been developed for secondary treatment of gas
product streams. The low-temperature catalysts are particularly susceptible to
poisoning by chlorine or sulfur as well as deactivation due to sintering. More
recent studies of homogeneous catalysts for the water-gas shift reaction have
dealt primarily with organometallics (2,3).

The use of a high-pressure water system for the water-gas shift reaction was
first proposed by Casale (4) although he was unaware of the potential of basic
catalyst solutions. The pressurized water system finds its advantage in a kinetic
effect due to pressure as well as a shift in product composition due to the large
excess of water driving the reaction to completion. The work of Yoneda et al. (5)
during World War II established the concept of using an aqueous solution of metal
carbonate as a catalyst for the water-gas shift reaction. This work included a
comparative study of a large number of transition metals; however, potassium was
the only alkali metal tested, The application of this mechanism in a process
scheme was recently examined (6).

PROCESS DESCRIPTION

The water-gas shift concept being developed at Pacific Northwest Laboratory
is a continuous process in which raw product gas is contacted with an aqueous cat-
alyst system in the temperature range of 250 to 350°C and at pressures from 500 to 4
2500 psig. The catalyst of choice is sodium carbonate at a concentration of 6% in
water, but any material which can generate hydroxide jons at the process condi-
tions will effectively catalyze the reaction (7). Previous batch scale research
conducted under sponsorship of the Gas Research Institute (8) has demonstrated the
chemistry of the concept and has substantiated that the reaction rates of the
experiments varied depending upon catalyst concentration, temperature and pres-
sure. Based on these rates it is apparent that useful water-gas shift conversion
can be obtained with the aqueous system and that the required gas contacting time
is in the range of minutes depending on the extent of shift reaction required.

These batch studies proved that a simple system of circulating the reactant gas
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through an aqueous pool of catalyst sealed in a high pressure autoclave can be
used to study the reaction chemistry of the concept.

Current research be1ng funded by the U.S. Department of Energy Morgantown
Energy Technology Center is designed to demonstrate the concept of continuous use
of an aqueous catalyst system for conducting the water-gas shift reaction and to
prove the initial engineering of continuous processing. Work in progress is
designed to:

- establish optimum operating conditions;

- determine pressure effects and limitations;

- establish catalyst lifetimes;

- obtain kinetic information;

- determine Hp S removal efficiencies;

- establish tar and oil removal/conversion efficiencies;

- determine catalyst regeneration/recycle requirements and catalyst costs;

- establish effect of gas residence times and concentration on conversion
efficiencies;

- determine the improvement to current technology; and

- establish cost savings/benefits.

MECHANISM OF CONVERSION

The chemistry of aqueous alkali catalyzed water-gas shift conversion can be
described as a cyclical scheme as depicted below.
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The ionization of the carbonate catalyst generates hydroxide fons which react in

the presence of carbon monoxide at the processing conditions to produce formate
jons. Two formate ions can then rearrange to formaldehyde and carbonate to com-
plete the cycle. The rapid decomposition of the formaldehyde results in the produc-
tion of hydrogen. We have described the elucidation of this cycle previously (9).

PROCESS ADVANTAGES

Operation of the water-gas shift reaction in the pressurized aqueous system
has several processing advantages. These advantages are related to the chemical
equilibrium of the system, the range of catalysts which can be used, and improve-
ments specific to the incorporation of this type of water-gas shift process into a
pressurized, coal {or other carbonaceous material) gasification system,

- Equilibrium Considerations

Thermodynamic studies have shown that the water-gas shift reaction is limited
by equilibrium considerations at high temperature and that the conversion of C0 to

15



C0, is not complete. This equilibrium condition is the major impetus for the
development of a low-temperature water-gas shift catalyst. The current commercial
water-gas shift processing technology utilizes a two-step system wherein the bulk
of the reaction occurs at high temperature. The temperature is lower in the sec-
ond catalyst bed to obtain a more favorable equilibrium gas composition at the
exit from the water-gas shift system. The aqueous alkali catalyst system main-
tains this low temperature advantage because it exhibits substantial activity at
temperatures as low as 250°C. The effect of temperature on catalytic conversion
of carbon monoxide by the water-gas shift reaction using 0.324 sodium carbonate
aqueous catalyst is depicted in Figure 1. The data shows the measurable activity
begins in the range of 200 to 250°C while very high activity is attained at tem-
peratures of 350°C and above. In addition, the use of the pressurized water sys-
tem gives added driving force to the water-gas shift reaction. The large excess
of water tends to push the reaction to completion in the presence of the alkali
catalyst.

Range of Catalyst Choice

Current water-gas shift processing requires a high temperature catalyst, usu-
ally a combination of cobalt and molybdenum oxides or iron and chromium oxides on
an alumina support, and/or a low temperature copper-zinc oxide catalyst formula-
tion. The latter are sensitive to deactivation by sulfur-containing compounds.
All are orders of magnitude more expensive than the water solution of alkali car-
bonate used in our system. The recent development of homogeneous organometallic
catalysts also holds potential for lower temperature operation with undetermined
sensitivity to gas contaminants.

The mechanism presented in this paper for our water-gas shift system shows
that a wide range of potential catalysts exist which could serve as catalyst in
the pressurized aqueous system. Essentially, any compound which can generate
hydroxide, formate or carbonate at the reaction conditions will exhibit catalytic
activity. Results of our experiments have demonstrated that even ammonia gas or
ammonium hydroxide or carbonate can act as a catalyst in the pressurized aqueous
system {10).

Table 1 presents some of the many chemicals which have been tested for water-
gas shift catalyst activity in the one-liter batch system. Group 1 consists of
high to medium activity metal carbonates while Group 2 is a listing of very low
activity carbonate catalysts (mostly alkaline earths). Group 3 is a list of some
of the most active catalysts (on a equimolar basis) tested. Group 4 consists of
medium activity catalysts while Group 5 consists of low activity catalysts. In
this ranking of high, medium, and low activity, sodium carbonate at 0.32M is used

Table 1. Aqueous Catalysts for the Water-Gas Shift Reaction

High to Medium Yery Low High Medium Low

Group 1 Group 2 Group 3 Group 4 Group 5
Carbonates of: Carbonates of: sodium salts of:
nickel barium Naz citrate Na acetate glyoxalate
cadmium zinc Na, oxalate NaH carbonate phenolate
potassium magnesium NaH oxalate KH tartrate pyruvate
sodium strontium Ko tartrate KH carbonate malonate
silver calcium KNa tartrate NaH, citrate propionate
Tithium Ko oxalate Na formate maleate
cesium K quadroxalate Na hydroxide benzoate
copper Na ketomalonate
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as the dividing point between high and medium activity while sodium carbonate at
0.16M concentration serves as the dividing point between medium and low activity.
Very low activity is equivalent to sodium carbonate at <0.03M concentration. Fig-
ure 2 shows the effect of sodium carbonate concentration on catalytic conversion
of carbon monoxide by the water-gas shift reaction at 300°C.

The aqueous catalyst system as used in a gas-liquid contacting scheme has no
potential for catalyst surface contamination or pore plugging. Deactivation of
the catalyst through chemical combination can be used to an advantage as a gas
scrubbing system as discussed in the next section,

- Relationship to Coal Gasification Technology

In addition to its primary function of adjusting the Hy to CO ratio in gas
streams, the successful development of a shift conversion process based on the use
of an aqueous catalyst system could have a significant impact on a number of gas
processing streams associated with commercial coal gasification. Associated pro-
cesses that are expected to be affected or eliminated due to use of the concept
include gas quenching (gas liquor separation/gas cooling), raw gas treating, sul-
fur removal, conventional shift conversion, and steam generation.

It is envisioned that the raw gas from the coal gasifier can be fed directly
in whole or in part to the shift conversion system. The system is expected to
quench the gas as well as treat the raw gas. Laboratory data has demonstrated
that the aqueous catalyst system will cause tars to be gasified in the system and
that the system will remove HpS from the gas stream. Use of the catalytic system
should significantly reduce costs of raw gas treating and favorably impact acid
gas removal costs. The total extent of H,S removal has not been established as
yet, but is expected to be significant ans an important consideration of the pro-
cess concept.

The use of a cheap material {Na,CO3) in approximately a six percent solution
will be economically favorable over conventional supported shift catalysts; it is
also expect to be less susceptible to deactivating forces. Steam requirements are
expected to be significantly lower for the advanced system since the sensible heat
of the raw gas leaving the gasifiers should supply the required heat for the pro-
cess. In addition, ammonia is stripped by the system and ammonium compounds have
also been shown to be excellent shift catalysts in the system. In addition,
ammonia is generated as a by-product of many coal gasification processes and is
therefore potentially a source of an excellent, available, cheap catalyst.

It is impossible at this point in process development to quantify the eco-
‘nomic advantage of the advanced shift conversion system. However, it is obvious
from the previous discussion that the process concept has potential to signifi-
cantly impact commercial coal gasification technology. Key impacts resulting from
the use of this system are envisioned to be:

establishment of an improved water-gas shift conversion system;

reduced gas cooling and gas liquor separation costs;

increased carbon utilization by further gasification of tars;

reduced cost of by-product recovery by removal of ammonia and phenols from
the gas stream;

reduced acid gas treatment cost by significant HyS removal; and

reduced steam generation cost due to utilization of the sensible heat of the
raw gas.
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CONTINUOUS EXPERIMENTAL SYSTEM

In order to advance the concept of aqueous water-gas shift conversion a
bench-scale continuous reactor system was developed. The system which is shown in
Figure 3 is assembled around a one-liter, high-pressure autoclave. An air driven
gas compressor is used to circulate the reactant gas through a rotameter for gas
flow measurement and into the reactor. The product gas exits the reactor through
the primary condenser. A back-pressure regulator is employed to drop the product
gas pressure to near atmospheric. The product gas then flows through a secondary
condenser, gas volume meter, and gas chromatograph sampling loop. The cooling
water temperatures and flows are monitored to provide data for an energy balance
around the reactor system. The careful monitoring of gas flows and composition,
as well as the catalytic solution composition, provide the needed input for mass
balance calculations.

Inside the reactor, the gas enters near the bottom of the catalyst pool from
the end of a dip tube. The gas bubbles up through the catalyst pool and enters
the stirrer shaft at an opening near the top of the reactor cavity. At this
point, the gas can proceed through the hollow stirrer shaft to the bottom of the
catalyst pool and is discharged by the turbine impeller into the catalyst solution
(the turbine actually generates the pressure differential which draws the gas
through the hollow stirrer shaft to shaft bottom outlet). Alternately, the gas
can proceed out of the reactor after entering the stirrer shaft by proceeding up-
ward through the primary condenser which cools the gas stream and returns the
vaporized water which has been condensed to the catalyst pool. The turbine
impeller has a dual importance in the reactor system as it provides the required
mixing of gas and liquid phases, and serves to "pump" the gas down into the liquid
bath to increase the gas/liquid contacting. This type of reactor system has been
recently demonstrated as an effective gas/liquid contactor (11),

Gas flow is monitored as both inlet and outlet gas volume. The gas composi-
tion is determined on both the inlet and outlet streams. The flow control is pro-
vided by regulating valves which vary the air flow to the air-driven compressor.

A pressure regulator controls the feed gas pressure on the suction side of the
compressor. In addition, regulating needle valves are used to vary the flow after
it exits the compressor. The pressure in the reactor is limited by the back-
pressure regulator.

The one-liter continuous reactor system was put in operation in June 1984,

Results of initial shakedown and kinetic tests will be presented. {

CONCLUSTON ~
A new catalytic gas processing system is being used to perform the water-gas <!)

shift reaction with a pressurized aqueous catalyst solution at low temperature. ~

The chemistry of the system has been documented using batch reactor tests and con-
tinuous gas processing is now being studied in a bench scale apparatus. The new
process has numerous advantages over conventional shift technology which make it
intrinsically compatible with advanced gasification systems which operate pressur-
ized reactors.
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Figure 3.

Continuous water-gas

shift conversion reactor system.
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