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Foreword 
The A C S Symposium Series was first published in 1974 to pro­

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel­
oped from A C S sponsored symposia based on current scientific re­
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con­
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ­
ously published papers are not accepted. 

ACS Books Department 
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Preface 
Transportation fuels account for a significant portion of crude oil 

consumed in the United States. Hence, the importance of clean trans­
portation fuels in the nation's economic development, environmental and 
public health improvement cannot be overly emphasized. Of the total 
manmade air emissions in the United States, highway transportation is 
responsible for 57% of the carbon monoxide, 30% of the nitrogen oxides, 
and 27% of the volatile organic compounds emissions. Driven by the 
continuing desire of the public for personal mobility, dramatic increases 
in vehicle numbers and miles have been forecasted. This growth wil l lead 
to poorer air quality unless ultraclean transportation fuels are developed 
and deployed. 

To address air pollution problems, the U.S. Environmental Pro­
tection Agency (EPA) proposed and developed new vehicle emissions 
standards. Ultralow sulfur standards for diesel fuel began in 2006. 
Gasoline sulfur standards have been phased-in since 2004. The E P A Tier 
2 tailpipe emissions regulations for light duty vehicles have already taken 
effect. Standards have also been developed for heavy-duty vehicles that 
would be phased in from 2007 to 2010. 
During the next several years, the United States wil l implement new, 
stricter Federal and state emission standards for highway vehicles; 
encounter more volatile global energy markets; face increased cost of 
technologies for clean transportation vehicle and fuels production; and 
encounter increased threat of global climate change. Therefore, it is 
essential to aggressively pursue the research and development of 
advanced technologies for high efficiency, low-emissions highway 
vehicles, as well as for the production of ultraclean fuels required for 
their operation. 

The Department of Energy (DOE) utilized the unique scientific 
capabilities of its national laboratories and partnering with industry to 
identify, study, and develop advanced fuels for tomorrow's vehicles. 
Through these efforts, an Ultraclean Transportation Fuels (UCTF) 
Program was initiated at the beginning of this century. 

xi 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

pr
00

1

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



The DOE U C T F Program was designed to promote partnerships 
with industry as well as to develop, demonstrate, and deploy tech­
nologies and systems to ensure that the nation's future transportation 
fuels, utilized in advanced highway vehicles, wil l contribute to 
dramatically improved environmental quality, energy security, and 
economic competitiveness. This new generation of advanced fuels wil l 
achieve decreases in air pollution, while increasing or maintaining 
vehicle performance. 

In recent years, research and development activities on ultra 
clean transportation fuels have significantly increased to meet the 
increasingly demand for clean fuels that wil l meet the strict environ­
mental regulations. 

This book is the result of two symposia on ultraclean trans­
portation fuels presented at the 2001 and 2005 Fall National Meetings of 
the American Chemical Society. Nineteen papers were presented in three 
sessions at the 2001 Meeting and fifteen papers were presented at the 
2005 Meeting in two sessions. For a more comprehensive product, 
authors of papers presented at both National Meetings were invited to 
submit manuscripts for consideration for publication in the book. The 
manuscripts were peer reviewed. 

This symposium series book describes the recent advances in 
various aspects (production, processing, upgrading, and utilization) of 
such recent research and development efforts related to ultraclean 
transportation fuels from a variety of hydrocarbon feedstocks (coal, 
petroleum coke, biomass, waste oil , and natural gas). 

The form of this book is organized in the following six parts: 

• general overview 
• basic fundamental and applied research of production from 

various feed-stocks 
• novel methods of upgrading for meeting strict environmental 

standards and fuel specifications 
• utilization in environmentally sound ways 
• advances in development of new catalysts for more efficient and 

cost-effective processes 
• computational fluid dynamics modeling to enhance reactor 

design and optimize transportation fuels reactors. 

xii 
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The authors of each chapter are sharing their timely research and 
their expert insights in this book. The diversity of their experiences is 
taking the ultraclean transportation fuels advancement forward. 

Olayinka I. Ogunsola, Ph.D. 
Office of Oil and Natural Gas 
U.S. Department of Energy 
1000 Independence Avenue, SW 
Washington, D C 20585 
202-586-6743 (telephone) 
202-586-6221 (fax) 
Olayinka.Ogunsola@hq.doe.gov (email) 

Isaac K. Gamwo, Ph.D., P.E. 
National Energy Technology Laboratory 
U.S. Department of Energy 
626 Cochrans Mill Road 
Pittsburgh, P A 15236-0940 
412-386-6537 (telephone) 
412-386-5920 (fax) 
gamwo@netl.doe.gov (email) 
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Chapter 1 

Overview of Fundamentals of Synthetic Ultraclean 
Transportation Fuel Production 

Murray Silk1, Mark Ackiewicz1, John Anderson1,*, and 
Olayinka Ogunsola2 

1Technology and Management Services, 18757 Fredrick Road, 
Gaithersburg, MD 20879 

2Office of Oil and Natural Gas, U.S. Department of Energy, 1000 
Independence Avenue, S.W., Washington, DC 20585 

With ever increasing requirements for clean transportation 
fuels and liquid hydrocarbon supplies, there is an opportunity 
to produce significant quantities of synthetic ultra-clean fuels 
that are essentially sulfur-free. These synthetic fuels can be 
produced from natural gas, coal, petroleum coke, biomass, and 
other non-traditional hydrocarbon sources. Most of these 
products are fungible and compatible with current products 
and distribution infrastructure and can be produced at costs 
competitive with conventional crude oil-derived products 
under certain market conditions. 

Introduction 

Currently, petroleum-derived products meet the majority of the world's 
transportation fuel needs. However, with rising prices and concern over the 
amount of conventional oil remaining in the world, there is growing interest in 
producing transportation fuels from alternative energy sources, such as natural 
gas, coal, petroleum coke, and biomass. Production of synthetic ultra-clean 
transportation fuels from these diverse feedstocks can supplement world fuel 
supplies, mitigating our dependence on traditional crude oil for fuels. In 
addition, these synthetic products are exceptionally low in sulfur and other 
undesirable components, meeting or exceeding all proposed standards for clean 
fuels. Ultra-clean synthetic fuels of interest include Fischer-Tropsch liquids, 
methanol, dimethyl ether and hydrogen. 

© 2007 American Chemical Society 3 
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4 

Production of synthetic liquid fuels has a long history with significant 
advances being made since the initial use of the processes. In the 1920s, two 
German scientists working at the Kaiser Wilhelm Institute, Franz Fischer and 
Hans Tropsch, passed coal-derived synthesis gas over metallic catalysts and 
produced pure hydrocarbons. The Fischer-Tropsch (F-T) process, invented in 
petroleum-poor Germany, was used by Germany during World War II to 
produce alternative fuels. Production reached more than 124,000 barrels per day 
(b/d) in 1944(7). 

This process was first used commercially in the 1950s by the South African 
Synthetic Oil Corporation (Sasol) to produce transportation fuels (gasoline and 
diesel) using synthesis gas produced by the gasification of coal. The objective 
was to convert low-grade coal into petroleum products and chemical feedstocks 
(2). Today, Sasol produces the equivalent of 150,000 barrels per day of fuels 
and petrochemicals from coal via its indirect liquefaction process. 

The Fischer-Tropsch process is the most notable of the various synthetic 
fuel processes and has products that range from lighter hydrocarbon liquids like 
naphtha to diesel fuel and heavier hydrocarbons like lubes and waxes. The final 
product mix is dependent upon operating conditions and process units, such as 
inclusion of hydrocracking functionality. By varying the design and operating 
conditions in the reaction section, the plant can optimize production of the 
desired product slate (5). 

Using non-traditional feedstocks to produce synthetic ultra-clean fuels, 
including F-T liquids, methanol, dimethyl ether, and hydrogen has numerous 
benefits including (4): 

• Expansion of liquid fuel supply. 
• Reduction of U.S. dependency on imported oil. 
• Enabling of exhaust aftertreatment systems to be used on gasoline and 

diesel engines that will significantly reduce emissions of nitrogen oxides, 
carbon monoxide, hydrocarbons, and particulates. 

• Production of a sequestration-ready stream of carbon dioxide, thus enabling 
potential reductions of greenhouse gas emissions. 

• Production of fuel which could help reduce world oil price. 

Production of Synthetic Ultra-Clean Fuels 

Synthetic ultra-clean fuels are produced from simple chemical building 
blocks derived from the breakdown of natural gas, coal, petroleum coke, or 
biomass. Unlike traditional fuel products, which naturally have substantial 
impurities such as sulfur and aromatic material which must be removed, the 
synthetic fuels are produced by building up from molecules which are free of 
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5 

impurities. Therefore, the resultant products are essentially pure, requiring 
minimal or no further treatment. 

The production of ultra-clean synthetic fuels from various feedstocks can be 
thought of as a three-step process. First, synthesis gas (syngas) is produced 
from the hydrocarbon feed. Second, the syngas, primarily a mixture of carbon 
monoxide (CO) and hydrogen (H2), can be further processed through a chemical 
combination and conversion process to manufacture a heavier liquid 
hydrocarbon and the desired fuel. The most notable is the F-T process, but 
other processes also exist. Alternatively, if the desired product is hydrogen, the 
second step is a shift reaction to convert the carbon monoxide to additional 
hydrogen and carbon dioxide by adding steam. Finally, the desired products 
must be separated and purified as necessary to meet specifications and to move 
the products to consumer markets. 

Syngas Production 

There are various feedstocks and chemical conversion reaction schemes that 
can be used to produce synthetic ultra-clean fuels. Al l start with the production 
of syngas, a hydrogen/carbon monoxide mixture. 

Syngas From Heavy Hydrocarbons 

When starting with coal, petroleum coke, biomass or other heavy solid 
hydrocarbons, the feedstock is gasified by mixing it with oxygen or air in the 
presence of steam which partially oxidizes the carbon in the feedstock to 
produce a mixture of CO, H 2 , and small amounts of other chemicals. The 
amount of air or oxygen used during gasification is carefully controlled to be 
less than stoichiometric quantities so that complete combustion does not occur 
and only a relatively small portion of the fuel burns completely. The reactions 
take place at high temperatures (1,000°C or more), which is a result of the 
exothermic combustion reactions (Reactions 1 to 3) required to drive the 
endothermic reduction reactions (Reactions 4 and 5). Carbon dioxide (C0 2), 
sulfur, nitrogenous compounds, and other impurities are generally present, 
which must be subsequently removed from the gaseous stream before further 
processing. 

Oxidation (2): 
C + Vi02 — • CO ΔΗ = -123 kJ/mol (1) 

C + 0 2 — • C 0 2 
âH = -406kJ/mol (2) 
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6 

H 2 + 1402 — • H 2 0 ΔΗ = -248 kJ/mol (3) 

Reduction: 

C + C 0 2 —> 2C0 ΔΗ = 160 kJ/mol (4) 

C + H 2 0 — • CO + H 2 ΔΗ = 119 kJ/mol (5) 

The H 2 /C0 ratio is important to downstream processes and predominately 
determined by the feedstock, design, and operating conditions of the gasifier. 
The water-gas shift reaction (discussed later) rapidly comes to equilibrium in a 
gasifier and is therefore not controlling. 

Minerals in the feedstock separate and leave the bottom of the gasifier as an 
inert slag or ash. Some of the ash is entrained and requires removal downstream 
in particulate control equipment, such as filtration and water scrubbers. Other 
trace elements associated with the feedstock are released during gasification and 
settle in the waste ash or in gaseous emissions. 

Competing reactions taking place in the reactor make it imperative to 
properly control reaction conditions and to remove undesired products and 
impurities from the reactor environment. Some competing reactions are: 

Methane formation: 

C + 2H 2 — • C H 4 ΔΗ = -87 kJ/mol (6) 

CO + 3H 2 — • CH4 + H 2 0 ΔΗ = -206 kJ/mol (7) 

3C + 2H 2 0 — • CH4 + 2CO ΔΗ = 182 kJ/mol (8) 

Syngas From Natural Gas 

Natural gas is reacted in a similar manner as gasification of solid 
hydrocarbons. Methane, the primary component of natural gas, is reacted with 
steam over a nickel-on-alumina catalyst at 750-800°C to produce synthesis gas 
(Reaction 9). 

C H 4 + H 2 0 — * CO + 3H 2 ΔΗ = 206 kJ/mol (9) 

Because the steam methane reforming (SMR) process is highly 
endothermic, it is necessary to supply heat for the process from an external 
source. Typically, additional natural gas and tail gas from the SMR process are 
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combusted for this purpose. However, opportunities exist for other fuels to 
supply the heat, such as a facility in Japan that uses heat from a nuclear plant. 

Methane in natural gas can also be partially oxidized with oxygen or air to 
produce synthesis gas (Reaction 10) (5). Oxygen is carefully maintained at the 
appropriate synthesis gas ratio while the reaction is run at high temperature and 
short contact times. The gas ratio is important to maximize the yield of CO and 
H 2 while maintaining an acceptable level of C0 2 . Extremely high synthesis gas 
yields are possible because of the very short residence time in the reactor. Very 
short reaction times are critical to stop the series reaction at the desired syngas 
products. The synthesis gas is formed on platinum or rhodium catalysts while 
simultaneously inhibiting combustion products and coke. Microreactors may be 
well suited to this process scheme because of the very short required residence 
time and rapid thermal quenching. 

C H 4 + V2 0 2 —> CO +2H2 ΔΗ = -35.7 kJ/mol (10) 

Natural gas can also be converted into syngas by combining reactions 9 and 
10 in one process. Called autothermal reforming (ATR), this process reacts 
natural gas with both oxygen/air and steam. The reaction is mildly exothermic, 
which eliminates the need for an external heat source. One drawback of the 
process is that, if oxygen is used, it requires the construction of an air separation 
unit. However, extensive research efforts are underway to combine air 
separation and reforming in one process step (6). 

Syngas Conversion 

After producing the syngas and purifying by removal of undesired 
compounds, it can now be converted into a variety of liquid fuels, chemicals, or 
hydrogen. The F-T process is the most well-known process for chemical 
conversion and manufacturing liquids. However, other synthetic ultra-clean 
fuels can be produced, such as methanol and dimethyl ether (DME), from other 
processes. Alternatively, hydrogen can be separated and purified from syngas 
and used in engines or, in the future, fuel cells, if they become commercially 
available. 

Water-Gas Shift Reaction - Hydrogen Production 

The water-gas shift (WGS) reaction (Reaction 11) is frequently used to 
produce additional hydrogen from the syngas mixture. This process could be 
used to adjust the H 2/CO ratio for downstream fuel processes or to produce large 
volumes of hydrogen to be used as an ultra-clean transportation fuel. Simply 
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8 

separating and purifying hydrogen from the syngas can be done but using the 
WGS process would more efficiently maximize H 2 production and facilitate 
separation. Using hydrogen as a fuel has received increased emphasis in recent 
years (7). 

Water-Gas Shift Reaction: 

CO + H 2 0 —+ H 2 + C 0 2 ΔΗ = -40 kJ/mol (11) 

The WGS process is thermodynamically limited and favored at lower 
temperatures (#). Higher temperatures improve the rate of reaction but lower the 
yield of hydrogen. Typically, two stages are employed, consisting of a high-
temperature shift at 350°C and a low-temperature shift at 190-210°C. Plants use 
high and low temperature shift catalysts in series, or a single stage with high or 
medium temperature shift catalyst. High-temperature shift catalysts are typically 
composed of iron/chromium and low-temperature shift catalysts are typically 
copper/zinc (Cu/Zn). 

Currently, most WGS research efforts have centered on improving the 
performance of the catalyst and improving the properties of the reactor tube 
material so that it can withstand higher thermal stresses, increasing heat fluxes 
and efficiency. Improvements in the process have been proposed in: 

• Changing the reactor's operation from a fixed bed to a fluidized bed, and 
• Changing the heat supply from external firing to direct heating. 

Fisher-Tropsch Process 

The F-T process is a catalyzed chemical reaction in which carbon 
monoxide and hydrogen are converted into liquid hydrocarbons of various 
forms. The distribution of products depends on the catalyst and the process 
operation conditions. The F-T chain-growth process is comparable with a 
polymerization process resulting in a distribution of chain-lengths of the 
products. The primary products of the F-T process are liquefied petroleum gas 
(LPG), naphtha, diesel, lubes, and waxes. 

Fisher-Tropsch Synthesis: 

CO + 2H 2 — • - CH 2 - + H 2 0 ΔΗ = -165 kJ/mol (12) 

In this exothermic reaction (Reaction 12), after adjusting the H 2/CO ratio, 
mainly aliphatic straight-chain hydrocarbons are formed. Branched 
hydrocarbons, olefins, and alcohols are formed in minor quantities. 
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Typical catalysts used are based on iron (Fe) and cobalt (Co). The Co 
catalysts have the advantage of a higher conversion rate and a longer life. They 
are, in general, more reactive for hydrogénation and, therefore produce less 
unsaturated hydrocarbons and alcohols compared to iron catalysts. Iron 
catalysts have a higher tolerance for sulfur, are cheaper, and produce more olefin 
products and alcohols (9,10). The catalyst is also key to controlling the WGS 
reaction within the F-T reactor, with Fe catalysts having a higher propensity in 
favor of the reaction and Co catalysts having little or no WGS reaction. 

There are mainly two types of F-T reactors. The vertical fixed tube type has 
the catalyst in tubes that are cooled externally by pressurized boiling water. The 
other process uses a slurry reactor in which preheated synthesis gas is fed to the 
bottom of the reactor and distributed into the slurry consisting of liquid and 
catalyst particles. As the gas bubbles upwards through the slurry, it is diffused 
and converted into liquid hydrocarbons by the F-T reaction. The heat generated 
is removed through the reactor's cooling coils where steam is generated for use 
in the process. 

The products from the F-T reaction typically do not require any further 
upgrading. However, if lighter products are sought (such as diesel fuel, naphtha, 
and LPG), mild hydrocracking of the waxes and lubes is required. Temperature 
also influences the product mix, with lower temperatures favoring the 
production of waxes and lubes, and higher temperatures favoring production of 
naphtha and LPG. Production of diesel fuel falls in the middle of these 
operating conditions. Generally, these synthetic liquid products are fully 
fungible and compatible with existing liquid fuels and, therefore, can be easily 
introduced into the current infrastructure and supply system. In particular, F-T 
diesel fuel is extremely high quality with a cetane number over 70 while 
petroleum-derived diesel fuel is about 45. The sulfur and aromatic contents are 
very low, with sulfur approaching zero depending on the precise process used. 

F-T diesel, though it can be used in pure form as a fuel, is more likely to be 
used as a blendstock. It has a lower density which results in a perceived lower 
fuel efficiency when compared to standard diesel and has relatively poor cold-
start properties. However its excellent properties allow it to be used as a 
premium blendstock to bring other refinery streams into specification range. 
Very likely, with tight sulfur specifications, the volume of F-T diesel required 
for diluting would be high, leaving little to be used in pure form. 

Because of the similarity of the F-T diesel fuel to a JP-8 type fuel, it could 
also be used as fuel for military applications (11). F-T fuels are very useful in 
minimizing emissions (12). Compared to traditional low sulfur fuels, they emit 
less C0 2 , 25 percent to 35 percent less particulate matter, 100 percent reduction 
in SOx, 5 percent to 10 percent lower NOx, and slightly less fuel burned because 
of the increased gravimetric energy density (11,13). 

Table I provides a summary of some of the typical products, their yield, and 
quality from F-T synthesis. 
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Table I. G T L Product Slate 

Product Yield, % Quality 

LPG 2% - 4% similar to other LPG 
Naphtha 18%-26% straight chain paraffinic 

Near zero sulfiir 
Diesel 50% - 70% High Cetane, >70 

Near zero sulfur 
Low density 
Low aromatics, <1% 

Lubes <l%-30% High quality 
Wax <1%-10% High quality 

The F-T process is an established technology that has already been applied 
on a large scale, although its widespread use is hampered by high capital costs, 
high operation and maintenance costs, and the volatility of crude oil prices. In 
particular, the use of natural gas as a syngas feedstock only becomes practical 
when using "stranded gas," i.e., sources of natural gas far from major 
consumption points which are impractical to exploit with conventional gas 
pipelines and LNG technology. There are large coal reserves which may 
increasingly be used as a fuel source and this technology could be used if 
conventional oil were to become more expensive. Combination of biomass 
gasification and Fisher-Tropsch synthesis is also a promising route to produce 
renewable transportation fuels. 

Methanol 

Methanol is a clean-burning liquid that can be used to power electricity-
generating turbines or as a fuel for automobiles and other vehicles. It can also 
be a feedstock for a variety of chemicals (14). Though most methanol is 
produced from natural gas, it can be produced from syngas derived from other 
feedstocks. Methanol contains no sulfur and produces very little nitrogen oxide 
pollutants when burned, making it one of the cleanest combustion fuels. 

The traditional methanol reaction process consists of passing the syngas 
over a pelletized catalyst which converts the CO and H 2 mix into methanol and 
water (15). The reaction is very exothermic and careful design of heat control 
equipment is critical. Cooling limits the efficiencies of the reactors and heat 
must be carried away from the temperature sensitive catalysts. Several 
companies and organizations have developed processes to optimize this reaction 
through innovative engineering design. 
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A recent successful commercial-scale demonstration in the Eastman 
Chemical facility in Kingsport, Tennessee, of a liquid phase methanol process is 
particularly suitable for coal-derived syngas (15). Using a liquid phase, the 
process permitted effective control of heat generated from the highly exothermic 
reaction. This approach achieved much higher synthesis gas conversion per pass 
than the gas phase counterpart. With the catalyst being temperature sensitive, 
diluted syngas is generally used to allow better temperature control. Therefore, 
the improved heat control by using a liquid phase provides a more effective and 
efficient process. 

Dimethyl Ether 

Dimethyl ether (DME) has been used as a fuel and propellant. It is miscible 
with most organic solvents and is currently under study as a fuel additive for 
diesel engines due to its high volatility and high cetane number. DME, like 
other synthetically derived fuels, can be produced from syngas, is essentially 
sulfur free, contains nearly zero aromatic compounds, and is considered an 
excellent substitute for conventional diesel and liquefied petroleum gas (LPG). 
DME has several physical properties similar to those of LPG. 

DME is superior to methanol as a fuel in terms of environmental 
friendliness and chemical toxicity (16). It is considered to be an additive to 
diesel or LPG and not a replacement. Firing DME-diesel blends creates 
challenges for the engine manufacturer. The fuel must be injected at a high 
enough pressure to keep the dimethyl ether in liquid form. The specific wear 
characteristics of engines operating with this fuel remains to be studied (17). 

There are several technologies available to produce DME. One method uses 
methanol, which is catalytically dehydrated over a silica alumina catalyst to 
produce DME in a slightly exothermic reaction (Reaction 13). Subsequently, 
DME is separated from the other components in the product stream. 

2CH 3OH —> C H 3 O C H 3 + H2O (13) 

In the temperature range of normal operation, there are no significant side 
reactions and the conversion rate is high. 

Product Separation and Purification 

F-T diesel, DME, methanol, and other synthetic fuels require very little, if 
any, further processing before entering the normal product distribution systems. 
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Simple distillation to separate the diesel from naphtha and other products is 
normally required. Hydrocracking of heavier lubes and waxes to maximize 
diesel yield from the F-T process may also occur. 

When producing hydrogen as the final product, impurities such as CO, 
sulfiir compounds, and other trace contaminants must be removed, particularly 
for application in fuel cells. Currently, pressure swing adsorption (PSA) is 
commonly used for the separation and purification of hydrogen from mixed gas 
streams. PSA systems are based on selective adsorbent beds. The gas mixture 
is introduced to the bed at an elevated pressure and the solid adsorbent 
selectively "adsorbs" certain components of the gas mixture, allowing the 
unadsorbed components, in this case hydrogen, to pass through the bed as 
purified gas. 

New technologies are being investigated that can improve hydrogen 
production, separation, and purification from hydrocarbon materials. 
Membranes, as an example, show promise. Membranes act somewhat like a 
filter, allowing certain materials to pass through while blocking others. 
However, there are many different types of membranes and membrane materials 
being investigated, and the physical and chemical means they employ to 
separate hydrogen from mixed gas streams can be very different. Some 
examples of the materials being considered are ceramics, metals (such as 
palladium), and ceramic-metal composites (i.e., cermets). Some of these 
membrane technologies also have the capability to combine WGS functionality 
with separation and purification, potentially eliminating the need for two 
separate process units. 

Commercialization 

Currently, there are over 385 gasifiers in operation around the world at 117 
plants that have over 45,000 thermal megawatts (MWth) of syngas output 
capacity (18). Coal and petrochemical by-products are the predominant 
feedstocks, with biomass-based applications producing a very small volume of 
synthesis gas. 

Since the late 1990s nearly every major oil company announced plans to 
build pilot plants or commercial plants to produce synthetically derived diesel 
fuel through improved processes (19). Stringent diesel exhaust emission 
standards and fuel specifications are compelling the petroleum industry to revisit 
these processes to competitively produce aromatic and sulfur level complying 
diesel fuel. An important part of the success of the processes is the increased 
reactor capacity proven within the last 10 years using slurry-bed reactors that 
have 100 times the capacity over some pre-1990 reactors, thus offering lower 
cost. 
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Commercial adoption of the technologies to produce synthetic ultra-clean 
fuels has been minimal due to the historically low prices for and availability of 
traditional hydrocarbons. However, with the recent increases in world oil price, 
interest in synthetic fuels has also increased. Construction of commercial 
facilities has been limited to unique niche opportunities to leverage remote or 
stranded supplies of hydrocarbons, particularly natural gas. 

Three units currently operate in South Africa (Table II), mostly as part of 
SasoPs operations. A natural gas-to-liquids (GTL) plant built in 1993 and 
owned by Shell operates in Bintulu, Malaysia and was recently upgraded. A 
plant is under construction in Qatar and another is in bidding in Nigeria. The 
Oryx GTL plant in Qatar is nearing completion and should start production in 
2006, while the Escravos GTL plant in Nigeria is expected to begin production 
in 2009. The Oryx plant, named after the national animal of Qatar, will use over 
9 million M 3 /d of natural gas to produce 24,000 barrels per day (b/d) of diesel, 
9,000 b/d of naphtha, and 1,000 b/d of LPG (20). China is currently nearing 
completion of a 20,000 b/d plant that will produce liquids from coal and has 
several other projects under development. Other synthetic fuel projects are also 
being considered throughout the world in countries such as India, Australia, and 
New Zealand. 

Table II. Commercial Scale G T L Plants 

Company Location Size, (b/d) Comment 

Sasol I Sasolburg, South Africa 5,600 1955, feed coal 
Sasol M i l Secunda, South Africa 124,000 1955/1980 

Feed coal 
Petro SA Mossel Bay, South Africa 22,500 1991, gasoline/diesel Mossel Bay, South Africa 

Sasol technology 
Shell MDS Bintulu, Malaysia 14,000 1993, diesel and Bintulu, Malaysia 

chemicals 
natural gas feed 

Although the U.S. invested heavily in demonstration and pilot projects for 
coal liquefaction technologies in the last 30 years, no commercial plants have 
been built in this country. Several demonstration facilities have been built or 
approved which may lead ultimately to more significant installations. Most 
recently, a 5,000-barrel per day plant has been approved in Gilberton, 
Pennsylvania using anthracite waste as a feedstock (21,22). The plant will also 
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co-produce 41 MW of electricity for export. This plant will cost $612 million 
and is partially funded by the Department of Energy and will use Sasol and Shell 
technology. This project has an added benefit of using waste coal as the 
feedstock, thus mitigating an existing environmental concern. 

Challenges and Incentives to Commercialization 

Various challenges exist to the widespread commercial deployment of 
synthetic ultra-clean transportation fuels. Market, environmental, technical, and 
readiness challenges have all played an important role in limiting 
commercialization. 

Market Challenges 

Some consuming and producing countries have come to consider synthetic 
fuels production as one component of a strategy to diversify energy production 
and consumption. For example, Qatar is striving to monetize its large gas 
deposits to maintain revenue streams as their oil production rates are projected 
to decline. With much of the world's reserves of oil located in the Middle East, 
consuming countries see using alternate feedstocks as a way to diversify and 
secure their fuel supply sources. 

Also, it is clear that energy demand continues to grow at historic rates, 
mostly due to rapid growth in the Asia-Pacific region, notably China and India. 
With this increased demand has come greater volatility and higher world oil 
prices. While higher oil prices have renewed interest in synthetic fuel 
production, the possibility of a return to lower prices has limited the commercial 
deployment of synthetic fuel technologies. 

Financial incentives can help reduce the uncertainty and risk of volatile 
world oil prices and improve commercial deployment opportunities for synthetic 
fuel production. Options such as price floors, price ceilings, loan guarantees, 
product off-take agreements, or other incentives could have a positive impact on 
the ability for industry to move forward with synthetic fuel projects. 

Environmental Challenges 

Emission standards for diesel vehicles have tightened or are expected to 
tighten considerably in many countries and regions. These standards have 
resulted in emission or content limits on sulfur, particulates, aromatics, and 
nitrogen oxides. Synthetic ultra-clean transportation fuels are virtually free of 
sulfur and are primarily paraffmic. Therefore, they are considered a potentially 
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important blending element in satisfying environmental and auto emission 
requirements. 

With growing concerns over climate change caused by manmade emissions, 
advances and additional investments may be needed to capture and store carbon 
dioxide produced during synthetic ultra-clean fuels production. To avoid 
emission of C 0 2 into the atmosphere, C 0 2 can be concentrated, captured, and 
permanently stored. However, capture and storage technologies are still 
relatively new and additional testing and development are needed to prove this 
technology. 

Water use requirements are an important issue for consideration, 
particularly for areas with low rainfall or limited water resources. In-situ 
gasification and the use of air cooling in place of water cooling for the major 
processes can substantially reduce water requirements. 

Land use is another concern. Additional natural gas production, coal 
mining, and growth of dedicated biomass feedstocks will impact land use, alter 
topography, or impact ecological systems. Mitigation and reclamation strategies 
would be required to offset some of these changes. 

Technical Challenges 

Studies estimate that there are various synthetic fuel production 
technologies and process schemes available that can be competitive with 
petroleum-derived fuels under certain market conditions and prices (23). 
However, the high capital requirements and long planning and construction lead 
times create substantial risks. Additionally, the limited introduction of some of 
these technologies poses significant technical risks which may be unacceptable 
to project developers and investors. 

Readiness Challenges 

The large level of construction that would be required to build a new 
generation of fuel production plants may be faced with a scarcity of engineering 
and skilled labor for plant design and construction. This problem is already 
evident in some remote locales where large facilities are progressing such as the 
large tar sands deposits in Canada. There may likely be a worldwide scarcity of 
process and critical equipment manufacturers and contractors. Raw material 
costs, such as the cost of steel, may also increase due to greater demand. 
Additionally, the availability or construction of infrastructure, such as railways, 
roads, pipelines, and other support functions may limit or delay implementation 
of projects. 
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Chapter 10 

Novel Catalytic Properties of Pd Sulfide 
for the Synthesis of Methanol from Synthesis Gas 

in the Presence and Absence of H2S 

Effect of Several Additives on the Methanol Synthesis Activity 
of Pd Sulfides 

Naoto Koizumi, Kazuhito Murai, Satoshi Takasaki, and 
Muneyoshi Yamada* 

Department of Applied Chemistry, Graduate School of Engineering, 
Tohoku University, Aoba 6-6-07, Aramaki, Aoba-ku, Sendai 980-8579, 

Japan 

Catalytic activity of palladium (Pd) sulfides for the synthesis 
of methanol from the syngas (a mixture of carbon monoxide 
(CO) and hydrogen (H2)) was investigated in the present study 
in the presence and/or absence of H 2S. Pd sulfide supported on 
SiO 2 was modified with several additives, and their methanol 
synthesis activity was investigated at various reaction 
conditions. Modification of the Pd sulfide supported on SiO 2 

with alkali metal and/or alkaline earth metal additives 
improved the methanol synthesis activity greatly. The 
maximum space-time yield of methanol was obtained with the 
sulfided Ca/Pd/SiO2 (730 g kg-cat-1 h-1) at 593 Κ and 5.1 MPa 
in the absence of H 2S, which was much higher than that with 
the ZnO/Cr2O3 catalyst, and was about 50% of that with the 
commercial Cu/ZnO/Al2O3 catalyst (from CO/H 2/CO 2 feed) at 
the same reaction conditions. Although both the ZnO/Cr2O3 

and the Cu/ZnO/Al2O3 catalysts were seriously deactivated in 
the presence of H 2S (100 ppm in concentration), this supported 

© 2007 American Chemical Society 119 
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sulfide preserved a constant space-time yield of methanol (250 
g kg-cat-1 h -1) even in the presence of H 2S. This space-time 
yield of methanol was comparable with that reported for the 
K/MoS 2 catalyst in the presence of H 2S at much higher 
reaction pressure (5 MPa vs. 21 MPa). The role of the 
additives was also discussed based on the results obtained by 
several spectroscopic techniques, such as in-situ diffuse 
reflectance FTIR spectroscopy. 

Introduction 

Reduced Pd catalysts are well known to be active and selective for the 
synthesis of methanol from syngas (CO/H2) in the presence of some metal oxides, 
such as alkali metal oxides (7,2), alkaline earth metal oxides (2,5), and/or 
lanthanide oxides (2,4-6). The selectivity for methanol on the reduced Pd 
catalysts in the presence of these metal oxides is typically above 90-mol%, while 
the metallic Pd particles supported on Si0 2 containing impurities in sub-ppm 
levels are selective for the synthesis of hydrocarbon rather than methanol. Recent 
study has shown that the reduced Pd/Ce02 yields 310 g kg-cat"1 h'1 of methanol 
at 473 Κ and 2.0 MPa (6). The methanol synthesis with a commercial Cu/Zn/Al 
catalyst, on the other hand, requires a hi^ier reaction temperature (523 K) to 
obtain a comparable methanol production (7). Thus, the reduced Pd catalyst is a 
most promising candidate for the low-temperature methanol synthesis catalyst. 
Concerning the role of metal oxides, different speculations have appeared in the 
literatures. Ponec et al. (3,8) proposed that the promoter oxides create Pd cation 
sites, where formyl species is formed from CO and H 2 molecules. The formyl 
species is regarded as the crucial intermediate for the synthesis of methanol (9). 
On the other hand, Tamaru et al. (1) observed that the amount of formate species 
formed by the adsorption of formaldehyde on reduced Pd/Si02 promoted with 
Na oxide correlates with the formation rate of methanol. Isotopic experiments 
suggested that oxygen atoms, which are available for the formation of the 
formate species from CO and H 2 molecules, are preserved by the promoter 
oxide. 

Recent study found that Pd sulfide prepared by sulfiding PdCl 2 (structure 
determined with XRD was Pdi6S7) yielded methanol with a selectivity above 95-
mol% (70). This result is notable because, so far, only Mo and W sulfides have 
been known to show weak activities for the synthesis of gaseous hydrocarbons 
from syngas (77). This type of sulfides had some attentions because Mo sulfide 
modified with alkali metal additives showed a constant activity for alcohol 
synthesis even in the presence of H 2S (77). This is in marked contrast with the 
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Cu/ZnO/Al 20 3 and the reduced Pd catalysts that are seriously deactivated in the 
presence of H 2S (12,13). In the case of Pdi 6S 7, it was found to preserve a 
constant methanol yield even in the presence of H2S 100 ppm in concentration. 
Thus, Pd sulfide is a new type of sulfur tolerant catalysts. However, the space-
time yield of methanol obtained with Pdi 6S 7 was 80 g kg- cat"1 h"1 at 613 Κ and 
5.1 MPa in the absence of H 2S, which was no more than 10% of that obtained 
with a commercial Cu/ZnO/Al 20 3 catalyst from CO/H 2 /C0 2 feed. Then, we 
investigated the activity and selectivity of Pd sulfides supported on several metal 
oxides for the CO hydrogénation. Among the metal oxide (M xO y , M=Mg, Si, Ca, 
Zr, La, Ce, Nd), Si0 2 was the most effective support for the synthesis of 
methanol (14). The methanol formation rate normalized to the total amount of Pd 
atoms over the Pd sulfide supported on Si0 2 was much higher than that over the 
bulk sulfide, whereas the space-time yields of methanol were comparable with 
each other. Considering the previous studies with the reduced Pd catalysts 
mentioned above, we have investigated the effect of modification of Pd sulfide 
supported on Si0 2 with several additives such as alkali metal, alkaline earth 
metal and/or lanthanide elements on improving its activity. Methanol synthesis 
activity of the supported Pd sulfide has been compared with those of the reduced 
Pd catalyst, the commercial Cu/ZnO/Al 20 3 catalyst and/or the Mo sulfide-based 
catalyst in the presence and absence of H 2S. The formation mechanism of 
methanol on the supported Pd sulfides has been also examined by means of 
several spectroscopic techniques such as in-situ diffuse reflectance FTIR 
spectroscopy. 

Experimental 

Preparation of oxide precursors 

Commercially available Si0 2 powder (BET surface area: 560 m 2 g"1, pore 
volume: 0.25 mL g"1, particle size: 150-250* 10'6 m) was used as the support in 
this study. Pd oxide supported on Si0 2 was prepared by the incipient wetness 
method, where precalcined Si0 2 powder was impregnated with an aqueous 
Pd(NH 3) 4(N0 3) 2 solution followed by drying and calcinations. Modification with 
additives was then carried out by impregnating thus prepared Pd/Si02 with an 
aqueous solution containing one of metal nitrates selected from M(N0 3 ) x (M=Li, 
K, Cs, Mg, Ca, Ba, Sr, Se, Y, La, Ce, Nd, Mn, Zn and Al), followed by drying. 
Pd loading of these oxide precursors was fixed at 0.045 on the Si0 2 weight basis 
(as metal), while the atomic ratio of M to Pd was varied from 0.1 to 2.0. More 
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detailed procedures for the preparation of the oxide precursor can be found in 
our previous paper (75). 

Sulfiding pretreatment and CO hydrogénation 

Both the sulfiding pretreatment and the CO hydrogénation were carried out 
in the fixed bed reactor equipped with two on-line gas chromatographs. The 
oxide precursor was sulfided before the reaction in a stream of H 2S 5%/H2 95% 
at 673 Κ and 0.1 MPa. The cumulative amount of H 2S fed during the 
pretreatment was 160 mol-H2S mol-Pd"1. After the sulfidation, syngas (CO 
33%/H2 62%/Ar) was continuously fed to the reactor. Ar was used as an internal 
standard to determine accurate CO conversion and product formation rates. 
Typical reaction conditions were 613 K, 5.1 MPa and 20 m 3 (STP) kg-caf1 h"1. 
Activity measurements were also performed with reduced oxide precursors, a 
homemade ZnO/Cr 20 3 and/or the commercial Cu/ZnO/Al 20 3 (supplied by ICI 
Corp.) catalysts as references. A sulfur-free apparatus was used for these 
catalysts. Syngas containing C 0 2 (CO 30%/CO2 5%/H2 60%/Ar) was used for 
the activity measurements with the Cu/ZnO/Al 20 3 catalyst. Unless otherwise 
stated, the reaction was carried out in the absence of H 2S. 

Pd K-edge EXAFS measurement 

Pd K-edge EXAFS spectra of the sample after the CO hydrogénation were 
measured with a high-pressure chamber made of stainless steel (16,17). Finely 
powdered precursor was pressed into a self-supporting wafer, which was set in 
the chamber. The precursor was then sulfided in the stream of H 2S 5%/H2 95% 
at 673 Κ and 0.1 MPa. Following the sulfidation, the sample was exposed to the 
stream of syngas (CO 33%/H2 62%/Ar) at 613 Κ and 5.1 MPa for 8 h. Hereafter, 
the syngas in the chamber was flushed with H 2 stream at room temperature 
followed by the measurement of EXAFS spectrum. EXAFS measurement was 
made at room temperature in a transmission mode near Pd K-edge on an 
EXAFS2000 laboratory system (Rigaku). 

In-situ diffuse reflectance FTIR measurement 

Surface species formed on the sample during the CO hydrogénation was 
observed by the diffuse reflectance FTIR (DRIFT) spectroscopy with a high-
pressure chamber equipped with ZnSe window (Spectra-Tech Inc.) (18-23). 
After the sulfidation of die precursor in the same manner as described above, the 
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sample was exposed to the syngas (CO 33%/H2 62%/Ar) stream at 613 Κ and 
5.1 MPa. DRIFT spectra of the sample were then measured under these 
conditions on an FTS6000 FTIR spectrometer (Varian) with a resolution of 4 
cm"1 and an accumulation of 128. 

Results and discussion 

Effects of the additives 

In the previous studies with the reduced Pd catalysts, Gotti and Prins (2) 
investigated methanol synthesis activity of reduced Pd/Si0 2 modified with 
several additives (M=Li, Na, K, Rb Cs, Mg, Ca, Sr, Ba, Mn, Zn and La). They 
found that most of these additives promote methanol synthesis activity of 
reduced Pd/Si02, whereas rate enhancement for the methanol formation (the 
ratio of methanol formation rates between reduced M/Pd/Si0 2 and reduced 
Pd/Si02) was greatly different among the additives. Ca additive was the most 
effective for methanol formation. Considering these previous studies, we 
investigated at first CO hydrogénation activity and selectivity of sulfided 
Pd/Si02 modified with several additives. 

Figure 1 shows the formation rate of products over sulfided M/Pd/Si0 2 

(M=Li, K, Cs, Mg, Ca, Sr, Ba, Se, Y, La, Ce, Nd, Mn, Zn, Al) at 613 K, 5.1 
MPa and 20 m3 (STP) kg-cat'1 h"1. The atomic ratio of M to Pd is 0.5 for all 
supported sulfides shown in this figure. The formation rate of products over the 
bulk sulfide is also included in this figure. One should also bear in mind that the 
height of each bar in this figure is equivalent to the rate of CO conversion over 
the supported sulfides. Most of sulfided M/Pd/Si0 2 show higher CO conversion 
rates than the sulfided Pd/Si02. Methanol is a main product with sulfided 
M/Pd/Si0 2 except the supported sulfides modified with L i , Cs and A l . 
Hydrocarbons (mainly methane), dimethylether and C 0 2 are also formed on 
several supported sulfides. Methanol formation rate is 3-4 times higher when the 
supported sulfide is modified with Ca, Sr, Se, Y, La, Ce and/or Nd. Ca additive 
is the most effective for methanol synthesis among them. Methanol formation 
rate over sulfided Ca/Pd/Si02 is 100 times higher than that over the bulk sulfide. 
We further investigated methanol formation rate over reduced M/Pd/Si0 2 

(M=Li, Cs, Mg, Ca, Y, Mn, M/Pd=0.5 atom atom*1) at 573 K, 5.1 MPa and 20 
m3 (STP) kg-cat"1 h"1, and compared them with those over supported sulfides at 
the same reaction conditions. Although reduced M/Pd/Si0 2 showed a higher 
methanol formation rate than the corresponding sulfide, the rate enhancements of 
the additives for the methanol formation were comparable with each other. 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

0

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



124 

Figure 1. Formation rate of products with the supported Pd sulfides modified 
with or without additives in comparison with the bulk sulfide (PiSy). 

The effect of the additives was then investigated in more detail. Figure 2 
shows the formation rate of products with the sulfided Ca/Pd/Si02 with different 
atomic ratios of Ca to Pd at different reaction temperatures (613 Κ (a) and 573 Κ 
(b)). The reaction pressure and gas-hourly space velocity were 5.1 MPa and 20 
m 3 (STP) kg-cat"1 h"1, respectively. At 613 K, methanol formation rate increases 
sharply with the atomic ratios of Ca to Pd up to 0.5, and shows a plateau above 
this ratio. The formation rates of methane and C0 2 , on the other hand, show the 
maximum at Ca/Pd=0.5. At this ratio, the rate enhancement for methanol 
formation (4.5) was higher than that for methane formation (3.5). Thus, Ca 
additive could promote the formation of methanol rather than methane. It should 
also be noted here that sulfided Ca/Si0 2 showed no activity for CO 
hydrogénation. At the lower reaction temperature, the rate enhancements for 
methanol and methane formations were 5.5 and 2.5, respectively (Ca/Pd=0.5). 
The promoting effect of Ca additives on methanol formation was more notable 
at the lower reaction temperature. Similar results were obtained with supported 
sulfides modified with Mg and/or Y additives, whereas Cs and Mn additives 
hardly affected methanol formation irrespective of their contents. 

The product selectivity on the sulfided Ca/Pd/Si02 (Ca/Pd=0.5) is then 
compared with that on the sulfided Pd/Si02 in Figure 3. The reactions were 
carried out at 613 Κ and 5.1 MPa with various gas-hourly space velocities. At 
the lower CO conversion (ca. 1%), methanol is a main product with the sulfided 
Pd/Si02 (Figure 3). As could also be observed from the figure, methane is also 
formed at this conversion, whereas C 0 2 is detected at the conversion above 3%. 
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Thus, C 0 2 is a secondary product. With increasing the conversion, the selectivity 
for methane and C 0 2 increase at the expense of the methanol selectivity. Similar 
conversion-selectivity profile is obtained with sulfided Ca/Pd/Si02 (Figure 3). 

The methanol selectivity on sulfided Ca/Pd/Si02 is, however, obviously 
higher than that on sulfided Pd/Si02. The Ca additive improves methanol 
selectivity as well as methanol formation rate. 

Comparison with the reduced Pd/Ce0 2 and the Cu/ZnO/Al 2 0 3 methanol 
synthesis catalysts 

In this paragraph, methanol synthesis activity of sulfided Ca/Pd/Si02 is 
compared with those of reduced Pd catalyst, commercial methanol synthesis 
catalysts and/or MoS2-based catalyst. Figure 4 (a) shows the STY of methanol 
obtained with sulfided Ca/Pd/Si02 (Ca/Pd=0.5) as a function of reaction 
temperature. 

Dashed lines indicate equilibrium methanol STYs at each reaction 
temperature with gas-hourly space velocities of 30 m 3 (STP) kg-cat"1 h"1 (····) and 
6 m 3 (STP) kg-cat"1 h"1 (—-). At 30 m 3 (STP) kg-cat"1 h"1, the STY of methanol 
with sulfided Ca/Pd/Si02 shows the maximum at 593 K. From Figure 4, the STY 
of methanol at this reaction temperature is 730 g kg-cat"1 h"1. Among the reduced 
Pd catalysts reported so far, reduced Pd/Ce02 catalyst shows the highest 
methanol synthesis activity, especially at the lower reaction temperatures (6). 
According to the literature, this catalyst yields 310 g kg-cat'1 h"1 of methanol at 
473 Κ and 2.0 MPa. On the other hand, the STY of methanol with sulfided 
Ca/Pd/Si02 is only 60 g kg-cat'1 h"1 at the same reaction temperature (Figure 4 
(a)). The STY of methanol with supported sulfide is no more than 20% of that 
with reduced catalyst. However, since Pd content of reduced Pd/Ce02 catalyst is 
3.7 times higher than that of sulfided Ca/Pd/Si02, the methanol STY over 
supported sulfide normalized to the total Pd atoms reaches 75% of that with 
reduced catalyst. Figure 4 (a) also shows the results obtained with the homemade 
ZnO/Cr 20 3 and the commercial Cu/ZnO/Al 20 3 catalysts. The ZnO/Cr 20 3 catalyst 
was also used here because this type of catalyst shows a superior sulfur 
resistance than the Cu/ZnO-type catalyst (12). At 593 Κ and 30 m 3 (STP) kg-cat" 
1 h"1, the STY of methanol with the ZnO/Cr 20 3 catalyst is much lower than that 
with the supported sulfide. For the commercial Cu/Zn/Al catalyst, the feed 
containing both the syngas and C 0 2 was used here because it is well known that 
small amounts of C 0 2 in the feed greatly improves its methanol synthesis activity 
(24). At 593 Κ and 30 m 3 (STP) kg-cat"1 h"1, the STY of methanol with 
Cu/ZnO/Al 20 3 catalyst is much higher than that with supported sulfide, and 
reaches the equilibrium value. At 523 Κ and 6 m 3 (STP) kg-cat'1 h"1 where the 
Cu/ZnO/Al 20 3 catalyst is usually used, methanol STY is 1200 g kg-cat'1 h"1, 
which is still higher than that with supported sulfide. 
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Then, effects of H 2S were examined. After methanol synthesis activities of 
each catalyst reached steady states under the sulfur-free conditions, syngas 
mixed with 0.1% H 2 S/H 2 was fed to the reactor. Methanol STYs as a function of 
the total amount of H 2S fed during the reactions are shown in Figure 4 (b). The 
amount of H 2S fed during the reaction in this figure is normalized to the metal 
content (Pd, Cu+Zn or Zn+Cr) of each catalyst. Soon after the syngas containing 
H 2S (H2S concentration: 120 ppm) was fed into the reactor, the STY over 
sulfided Ca/Pd/Si02 decreases to 35% of the initial value. Thereafter, this 
catalyst exhibits a constant STY, i.e. 250 g kg-cat*1 h"1 even when the total 
amount of H 2S reaches 6.0 mol-H2S mol-Pd"1. In marked contrast to the 
supported sulfide, the STYs of methanol with ZnO/Cr 20 3 and commercial 
Cu/ZnO/Al 20 3 catalysts decrease with increasing total amounts of H 2S fed 
during the reaction. Especially, the STY over the Cu/ZnO/Al 20 3 catalyst 
decreases much more rapidly compared with ZnO/Cr 20 3 catalyst and eventually 
drops into 0 at about 0.3 mol-H2S mol-(Cu+Zn)_1. In other words, sulfided 
Ca/Pd/Si02 have much superior sulfur tolerances than ZnO/Cr 20 3 and 
Cu/ZnO/Al 20 3 catalysts. It is also worthy to note that Mo sulfide modified with 
Κ additive is reported to yields 230 g kg-cat"1 h"1 of methanol at 553 Κ and 21 
MPa in the presence of H 2S (ca. 50 ppm) (77). A comparable STY of methanol 
can be obtained with sulfided Ca/Pd/Si02 in the presence of H 2S even at 5.1 
MPa. In the presence of H 2S, it can be said that sulfided Ca/Pd/Si02 shows the 
highest methanol synthesis activity among the catalysts reported so far. 

Role of the additive 

As mentioned in the above section, the present study found that the rate 
enhancement for methanol formation over the sulfided M/Pd/Si0 2 is comparable 
with that over the corresponding reduced M/Pd/Si0 2 (M= M=Li, Cs, Mg, Ca, Y, 
Mn, M/Pd=0.5 atom atom"1). This inches that the role of these additives in 
methanol formation over supported sulfides is similar to that over reduced 
catalysts. In the previous studies with methanol synthesis over reduced Pd 
catalyst, however, there exist different speculations about the role of the 
additives and/or the support. On one hand, Ryndin et al. (4) claimed that the 
lanthanide oxide affects the morphology of the metallic Pd species when used as 
the support. On the other hand, several researchers claimed that the additives 
such as Mg and Ca stabilize the reaction intermediate for the methanol 
formation (1-3,8,9). Furthermore, we find a discrepancy among the previous 
studies as concerns the reaction intermediate, i.e. formate species vs. formyl 
species. Such the discrepancies may arise from lack of information about the 
structure of Pd species and the surface species formed during methanol 
synthesis, especially under the high-pressure reaction conditions. To examine 
the role of the additive in methanol synthesis over supported sulfides, they were 
investigated under high-pressure methanol synthesis conditions by EXAFS and 
DRIFT spectroscopies. 
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Structure of Pd species after the methanol synthesis 

First, the structure of Pd species on sulfided M/Pd/Si0 2 after methanol 
synthesis was investigated by Pd K-edge EXAFS, and compared with that on 
sulfided Pd/Si02. Pd K-edge EXAFS spectra were measured after methanol 
synthesis at 613 Κ and 5.1 MPa for 8 h without contact with air. Fourier 
transforms of EXAFS spectra of both sulfided Ca/Pd/Si02 (Ca/Pd=0.5) and 
sulfided Pd/Si0 2 showed Pd-S and Pd-Pd peaks and were similar to each other 
(not shown here). From the comparison with some reference compounds such as 
PdS, Pdi 6Sn, PcUS and Pd metal, it was suggested that Pd species exists as 
Pdi 6S 7 or PcUS on both supported sulfides. XRD measurements (in air) of 
sulfided M/Pd/Si0 2 (M=Cs, Mn, Mg and Ca, M/Pd=0.5) and sulfided Pd/Si0 2 

after methanol synthesis further indicated the formation of Pd4S rather than 
Pdi 6S 7. This result is consistent with the thermodynamic calculation for the gas-
solid equilibrium of the Pd-H2S/H2 system where Pd4S is a stable phase in the 
presence of H 2S above 0.35 ppm in concentration at 613 K, because the 
apparatuses for the activity and EXAFS measurements were contaminated with 
H 2S ca several ppm in concentration even though the sulfur-free conditions. 
XRD patterns of these supported sulfides also indicated that the crystalline size 
of Pd4S is not affected by the modification with Cs, Mn, Mg and/or Ca additives. 

Observation of surface species formed during the methanol synthesis 

Then, the surface species were investigated under high-pressure methanol 
synthesis conditions by DRIFT spectroscopy. DRIFT spectra were recorded as a 
function of time when the sulfided Ca/Pd/Si02 (Ca/Pd=0.5) was exposed to the 
stream of syngas at 613 Κ and 5.1 MPa (Figure 5 (a)). 

In addition to the bands assigned to the gas-phase methanol (1059, 1032, 
1001 cm*1), several bands are clearly observed in the spectra. To facilitate the 
assignment of these bands, the reaction temperature was reached down to 298 Κ 
and then the chamber was flushed with helium flow. Although the bands for the 
gas-phase products completely disappear, the bands at 1600 and 1270 cm"1 are 
still visible. Several authors have reported that IR bands of adsorbed formate 
species are observed when reduced Pd catalysts are exposed to the stream of 
syngas at elevated temperatures (25,26). The formate species yields IR bands at 
1600-1550 cm"1, 1400-1380 cm"1, 1380-1340 cm"1 and 1090-1060 cm"1 (27). The 
band at 1600 cm"1 shown in Figure 5 (a), therefore, can be assigned to the 
formate species. It should be noted that the spectra show no IR bands at around 
1700 cm"1 although the band assigned to formyl species appears at 1748 cm"1 

when reduced Ca/Pd/Si02 is exposed to methanol vapor at room temperature 
(28). The appearance of the band at 1450 cm"1 also suggests the formation of 
methoxy or methyl species. The same protocol was applied to other supported 
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(b) 
0.5 

I M=Mg /ν 

" M =Cs y 

f M = - Λ 

. 1 . 1 . 1 . 1 ι ι . 
2000 1800 1600 1400 1200 1000 800 2000 1800 1600 1400 1200 1000 800 

Wavenumber / cm"1 Wavenumber / cm 

Figure J. DRIFT spectra of the sulfided Ca/Pd/Si02 during the methanol 
synthesis at 613 Κ and 5.1 MPa as a function of time on stream (a). Effect of 

different additives on the DRIFT spectra of sulfided Pd/Si02 during the 
methanol synthesis at 150 min on stream is shown in (b). 

sulfides. Figure 5 (b) shows DRIFT spectra of sulfided M/Pd/Si0 2 (M=Cs, Mn, 
Mg, Ca, M/Pd=0.5) and sulfided Pd/Si02 during methanol synthesis. These 
spectra were measured when supported sulfides were exposed to syngas stream 
at 613 Κ and 5.1 MPa for 150 min. IR bands for the gas-phase methanol are 
clearly observed in the spectra of the supported sulfides modified with Mg 
and/or Ca additives, whereas only trace bands for the gas-phase methanol appear 
in the spectra for other supported sulfides. This trend is consistent with that 
observed for their methanol synthesis activities shown in Figure 1. Furthermore, 
the intensity of the band for the formate species (ca. 1600 cm"1) changes 
depending on the additives. The intensity of the band for the gas-phase methanol 
is stronger when the intensity of the band for the formate species is stronger. In 
Figure 6 (a), the intensity of the band for the gas-phase methanol (1032 cm"1) is 
plotted against that for the formate species. As can be seen from this figure, the 
intensity of the band for the gas-phase methanol increases with increasing the 
intensity of the formate band. This simple relationship suggests that the formate 
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species is a reactive intermediate for methanol synthesis over supported sulfides 
and the hydrogénation of the formate species is a rate determing step in methanol 
formation. 

Concerning the stabilization of the formate species, Gotti and Prins (2) 
found a volcano-type relationship between the rate enhancement for methanol 
formation over reduced M/Pd/Si0 2 catalysts and the electro negativity of the 
additive cations with the peak at the Ca cation. Based on this result, they 
proposed that Ca cation stabilizes the formate species moderately, which reacts 
with hydrogen atoms provided with the metallic Pd sites to form methanol 
effectively. According to their proposal, the formate species is stabilized too 
strongly on the cations with lower electronegativity than the Ca cation to react 
with hydrogen atoms. Contrary to their proposal, a volcano-type relationship 
with the peak at the Ca cation is observed when the intensity of the band for the 
formate species in Figure 6 (a) is plotted as a function of the electronegativity of 
the additive cations (Figure 6 (b)). We further investigated the intensity of the 
formate species observed in the DRIFT spectra of the sulfided M/Si0 2 (M= Cs, 
Mn, Mg, Ca) during exposing the samples to syngas stream at 613 Κ and 5.1 
MPa. Their intensities are also plotted as a function of the electronegativity of 
the M cation in Figure 6 (b). As can be seen from this figure, the intensity of the 
formate species is much weaker for the sulfided M/Si0 2 . These results clearly 
indicate that the Pd sulfide is indispensable for the stabilization of the formate 
species as well. In other words, both the Pd sulfide species and the Ca additive 
are involved in the stabilization of the formate species, which results in effective 
methanol formation over the supported sulfide. 
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Chapter 11 

The Effect of Continuous H2S Exposure 
on the Performance of Thick Palladium-Copper 

Alloy Membranes 

Bret H. Howard1, Anthony V. Cugini1, Richard P. Killmeyer1, Bryan 
D. Morreale2, and Robert M . Enick3 

1United States Department of Energy, National Energy Technology 
Laboratory (NETL), 626 Cochrans Mill Road, Pittsburgh, PA 15236 

2NETL Support Contractor, Parsons, P.O. Box 618, South Park, PA 15129 
3NETL Research Associate, Department of Chemical and Petroleum 

Engineering, University of Pittsburgh, Pittsburgh, PA 15260 

Membranes fabricated from Pd-Cu alloys containing 80, 60 
and 53wt%Pd, as well as pure Pd, were exposed to flowing 
1000 ppm H 2S in H 2 over the temperature range of 350 to 
900°C using three approaches to verify NETL's previously 
reported transient H 2S exposure results. 100 μm thick braze­
mounted foils failed prior to 600°C due to apparent sulfur 
attack at the braze. 1000 μm thick welded membranes 
demonstrated similar trends as found using the transient 
method in that hydrogen flux through the Pd-Cu alloys with 
fcc structure was not significantly degraded by H 2S exposure. 
However, both of these experimental methods suffered from 
possible disadvantages. The transient method had limited H 2S 
availability and limited exposure duration, and in the 1000 μm 
steady-state tests, bulk diffusion limitations could mask effects 
resulting from H2S exposure. Preliminary results obtained 
using an alternative membrane mounting method and test 
protocol for steady-state testing of 100 μm thick Pd and 
80wt%Pd-Cu foils at 350°C showed that significant flux losses 
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occurred on exposure to flowing 1000 ppm H 2S in H2, contrary 
to the earlier studies. Characterization showed that relatively 
thick sulfide layers had developed on the membrane surfaces 
during the 120 hours of exposure. 

Introduction 

The U.S. Department of Energy's National Energy Technology Laboratory 
(NETL) is currently engaged in the investigation of membrane materials for 
hydrogen separation with a specific interest in contaminant resistant metal alloy 
membrane materials. This interest is based on the view that fossil fuel resources, 
particularly coal, will play a major role in the transition to a hydrogen economy 
by providing a near- to mid-term source of hydrogen1. Advanced energy plants, 
such as those promoted by the U.S. DOE's FutureGen initiative, can utilize 
domestic fossil fuels much more cleanly than current technologies2, and, when 
coupled with carbon dioxide sequestration to mitigate the environmental 
concerns associated with global climate change, such plants could produce 
essentially emission-free energy. 

Coal, through technologies based on gasification combined with water-gas 
shift (WGS), can be used to produce hydrogen mixed with carbon dioxide and 
trace amounts of other gases. Membranes are one of the promising technologies 
for the separation of hydrogen from other product gases; however, the materials 
comprising the membrane must be able to endure the harsh gasification 
environment. Palladium-based membranes and membranes utilizing a palladium-
based catalytic layer on a hydrogen permeable substrate are potential candidates 
because of their high hydrogen permeability and catalytic activity with respect to 
hydrogen dissociation. However, a significant technical barrier impeding 
hydrogen separation membrane development is the susceptibility of palladium-
containing membranes to poisoning or corrosion by components present in 
gasifier effluent streams. Probably of most concern is the effect of hydrogen 
sulfide, which can be present at concentrations as high as -2% in a raw syngas 
stream down to low ppm levels following desulfurization processes. 

The impact of hydrogen sulfide and other sulfur-containing compounds on 
membranes based on palladium or having a palladium component is well known 
and has often been reported in the literature 3 ' 1 3 . Such reports cover a wide range 
of membrane compositions, gas compositions and exposure conditions and the 
reported effect of sulfur on membrane performance varies widely. Therefore, the 
identification of sulfur tolerant membrane materials and the understanding of the 
mechanisms of poisoning are critical to the development of technologies 
dependent on hydrogen membranes. Recently, promising developments have 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

1

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



137 

been realized in enhancing the sulfur-resistance of metal membranes. For 
example, resistance to sulfur poisoning upon exposure to methyl disulfide has 
been reported for thin Pd films formed within the macropores of an alumina 
support14 and the application of sub-micron films of Pt on Pd has been suggested 
to enhance sulfur resistance of hydrogen membranes3,15'16. 

Some of the most promising investigations of sulfur resistant membranes 
have focused on Pd alloys, especially Pd-Cu alloys. The interest in Pd-Cu alloy 
membranes is a result of two promising material characteristics. First, specific 
Pd-Cu alloys, 60wt%Pd-40wt%Cu, have shown flux values slightly greater than 
pure palladium at 350°C4. Second, Pd-Cu alloys have been reported to exhibit 
"resistance" to sulfur poisoning in hydrogen-rich streams containing H 2S 
concentrations up to 5 ppm14, 1000 ppm4 and intermittent exposure to 100,000 
ppm5. Although McKinley reported "resistance" to permanent poisoning in the 
presence of H 2S for the Pd60wt%-40wt%Cu alloy at 350°C, significant flux 
decreases were observed during exposure to concentrations as low as 4 ppm H 2S 
at350°C 4. 

NETL has been actively investigating through both experimental and 
computational studies the potential of Pd-Cu alloys because of their potential 
applicability for gasifier and post-gasifier water-gas shift (WGS) membrane 
reactors and similar harsh environment hydrogen separation applications. Recent 
computational studies by Sholl and Alfonso have focused on the prediction of 
alloy membrane permeability values and the interaction of S with potential 
membrane materials17"19. Our experimental studies on the permeability of a series 
Pd-Cu alloys in pure hydrogen and in the presence of H 2S have also been 
recently reported20,21. 

The performance of 100-μιη thick 100, 80, 60, and 53wt%Pd membranes in 
H 2 was reported by our group20. Relatively thick membranes, rather than ultra-
thin micron-scale films, were selected in order to facilitate fabrication, ensure 
precise composition, and retain mechanical integrity. In summary, at 
temperatures below ~500°C corresponding to the bcc/mixed bcc-fcc stability 
range, the 60wt%Pd alloy exhibited the highest overall permeability of any of the 
tested alloys, about 70% of the permeability of Pd at 350°C. This permeability 
was slightly lower than some reported permeability values. Possible causes for 
the lower permeability include intermetallic diffusion at the membrane edge 
resulting from welding and alloy impurities such as carbon. The performance 
dropped approximately an order of magnitude above this temperature 
corresponding to the conversion to fee. The 80wt%Pd alloy, fee over the entire 
temperature range studied, exhibited permeability values of about 30% of Pd, 
however, it exhibited higher permeability values than the 53wt% Pd alloy (bec or 
fee structured) at all temperatures. A general trend found in this series of 
experiments was that when comparing fee to fee or bec to bec, a higher Pd 
content resulted in a higher hydrogen permeability. 
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Morreale et al. reported the permeability results for the same series of Pd-Cu 
alloys in the presence of 1000 ppm H2S in H 2

2 1 . These experiments were 
conducted using a transient (batch) flux measurement approach which employed 
a finite amount of H 2S for relatively short test durations. Further, the calculation 
of permeability was based on the assumption that the interaction between H 2S 
and the membrane surface was essentially instantaneous. This study showed that 
the 80wt%Pd alloy membrane, fee throughout the entire temperature range of 
study, exhibited essentially no change in hydrogen permeability over the entire 
350 to 900°C temperature range as compared to the baseline tests. For the 
60wt%Pd alloy in the presence of 1000 ppm H 2S, the permeability essentially 
matched the baseline permeability above about 600°C where the alloy is fee in 
structure. However, at temperatures corresponding to the mixed fcc-bcc to bec 
region, below about 440°C, the permeability dropped significantly, by as much 
as about two orders of magnitude at 350°C. This same performance trend was 
found for the 53wt%Pd alloy. The results of these transient performance 
experiments indicated that when the Pd-Cu alloy had an fee structure, H 2S had 
little impact on permeability but when the structure was bec, H 2S had a moderate 
to severe impact. 

These transient experiments strongly suggested a correlation between the 
alloy crystal structure and H 2S tolerance. However, due to limitations of the 
experimental method (finite H 2S availability, competition for the available H 2S 
by other metal surfaces, relatively short test durations and the limited data set), 
more representative, steady-state performance experiments were deemed 
essential for an accurate assessment of the impact of H 2S on membrane 
performance. 

Therefore, the objective of this study was to verify the results of the 
transient H 2S exposure study previously reported by Morreale et al. 2 1 using a 
steady-state approach similar to that used in previous NETL membrane studies20, 

22, 23 jkjg s t u ( j y u t j i j z e ( j t h e s a m e s e r j e s 0 f three Pd-Cu alloys which were 
selected based on the Pd-Cu phase diagram24. The alloys were 53wt%Pd-
47wt%Cu (the composition which intersects the apex of the B2 region, 
commonly referred to as bec), 60wt%Pd-40wt%Cu (the composition reported as 
yielding the greatest H 2 permeability25) and 80wt%Pd-20wt%Cu (a composition 
having an A l structure, commonly referred to as fee, throughout the temperature 
range of interest). Pd was included as a reference. The terms fee and bec will be 
used in this paper for consistency with previous work. For the remainder of this 
paper, the Pd-Cu alloys will be referred to by their palladium content in weight 
percent with the balance understood to be copper. 

Experimental Section 

Palladium foils, 99.9%, Alfa Aesar, and palladium-copper alloy foils, 
99.9%, ACI Alloys, were obtained in approximately 100 μιη and 1000 μπι 
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thicknesses for this study. The compositions of the Pd-Cu alloy foils were 80, 60, 
and 53wt% Pd. The crystalline phase and composition of the alloy samples was 
determined by X-ray diffraction (XRD) and inductively coupled plasma atomic 
emission spectroscopy, respectively. Al l of the foils used in this study were 
cleaned to remove surface contamination and oxides prior to mounting. 
Membranes were typically cleaned by sanding with fine silicon carbide 
sandpaper, polishing with silicon carbide, rinsing with distilled water and then 
acetone. Membranes were mounted for permeability testing using three methods. 
The 100 μπι thick foils used in the steady-state experiments were gold brazed to 
nickel-copper alloy supports before being welded into the testing fixture. The 
1000 μιη thick foils used for the continuous H 2S exposures were TIG welded 
directly into the fixtures. The 100 μπι thick foils used for the continuous H 2S 
exposures were mounted in Swagelok® VCR fittings for testing, avoiding the 
need to directly weld or braze the membrane foil. Al l methods employed 1 mm 
thick porous Hastelloy® or porous 316 stainless steel support disks. The porous 
supports were isolated from the membrane foil by a -100 μπι thick porous 
alumina intermetallic diffusion barrier. Details of the weld- and braze-based 
procedures have been reported previously22. 

Membrane performance testing was conducted at the NETL Hydrogen 
Technology Research Facility utilizing the Hydrogen Membrane Testing (HMT) 
unit that is dedicated to in-depth studies under steady-state, continuous flow 
conditions using H2S-containing gas streams, described in detail elsewhere20,22, 

2 3 . A 90% H 2 -10% He (referred to as H 2 in this manuscript) or a 1000 ppm H 2S 
- 10% He - balance H 2 (referred to as 1000 ppm H 2S in this manuscript) mixture 
was fed to the unit on the retentate side and ultra-high purity argon sweep gas 
was fed to the permeate side. The argon was supplied at a rate that ensured that 
the H 2 concentration in the permeate was at about 4%. Al l steady-state tests 
reported here were carried out at a retentate total pressure of 620 kPa. Due to the 
high temperatures associated with mounting the membrane (brazed and welded), 
the crystalline structure of the alloy could not be verified prior to testing. 
Therefore, initial testing was conducted under H 2 at a temperature corresponding 
to the desired crystalline phase and the membrane was held at that temperature 
until no change in flux was observed. Once the flux stabilized at the initial 
temperature, equilibrium crystal structure was assumed to have been attained. 
Each individual membrane sample was then exposed to the test gas stream in 
increasing temperature steps (350 to 900°C). Each temperature was held until a 
steady state flux was observed before continuing to the next condition. 

Membranes were characterized after the completion of a test series or 
following a membrane failure. The full characterization protocol consisted of 
the following steps. First, following removal of the membrane from the testing 
assembly, the retentate side surface was examined using a stereomicroscope for 
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macro-scale changes such as color change or cracking. Next, the surface was 
examined by SEM/EDS to determine micro-scale morphological changes such as 
alloy grain growth or the crystallization of new phases. EDS was used to 
determine the elemental constituents of observed features. XRD was used to 
determine the alloy phase composition and the identity of any bulk metal sulfides 
or other phases present. In some cases, the membrane was cross sectioned and 
examined by SEM/EDS to study the internal membrane structure. Because of the 
approach used for this study (the membrane remained in the reactor for the 
complete test series), the membranes were generally not characterized until after 
exposure to the H2S-containing test gas at 900°C. 

Results and Discussion 

Steady-state H 2 S exposure of 100 μπι foils 

Initial experiments carried out to examine the performance of the Pd-Cu 
alloys under continuous exposure to H2S utilized the same membrane mounting 
method used for previous the study conducted by Morreale et al. - - a membrane 
foil brazed to a support ring. The experimental protocol used was to heat the 
membrane to the initial test temperature of 350°C under inert gas flow. The H 2 

test gas was then introduced in order to verify that the membrane's performance 
was approximately as expected based on previous performance tests. Upon 
verification of acceptable performance, the test gas mixture containing 1000 ppm 
H 2S was introduced into the system. The H 2 flux was monitored until a steady 
state flux was observed. Following sufficient steady state data collection, the 
temperature was increased to the next test condition. 

Several attempts were made to carry out this test using Pd as well as the Pd-
Cu alloys. In each attempt, membrane failure occurred at a temperature between 
500 and 600°C, indicated by He in the permeate stream. Following failure, 
samples were removed from the test assembly and examined using an optical 
microscope. Cracks were noted in several cases at the membrane-braze interface 
suggesting that failure occurred at this location. Examination of membrane cross 
sections by SEM/EDS revealed the presence of sulfides at the surface of and 
within the Au braze and also in the membrane alloy near the braze. It is 
suspected that the formation of relatively brittle sulfides within the membrane 
and braze, coupled with the mechanical stresses from sulfide growth as well as 
thermal stresses during testing, led to the observed membrane failures. A cross-
section of a failed membrane is shown in Figure 1 illustrating the concentration 
of S in and near the braze. 
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Steady-state H 2S exposure of 1000 μπι foils 

Due to the 100 μπι membrane structural failures linked to sulfide growth in 
the braze region of the membrane assembly, continuous H 2S exposure testing 
was attempted using a new mounting approach. This approach utilized 1000 μπι 
thick foils welded directly into the holders. The extreme thickness of the 
membrane foil was expected to enable the membrane to resist structural failure 
in the weld region for a sufficient duration for data collection. However, due to 
the membrane thickness, effects resulting from sulfur interaction with the 
membrane surface could be masked by transport limitations through the 
membrane bulk. 

Figure 1. SEM image and X-ray maps of failed 60wt%Pd membrane cross-
section. Sulfur has accumulated preferentially in the Au braze at the membrane-
braze interface and appears to have migrated a substantial distance into theNi-
Cu support ring. (Sup = support ring, Mem = membrane foil, Brz = braze area) 

The experimental protocol used was generally the same as described above 
for the 100 μπι membranes. Membranes were heated to the initial test 
temperature, usually 350°C, under an inert gas flow and then the H 2 test gas was 
introduced to verify that the membrane's performance was approximately as 
expected. Upon verification of acceptable performance, the test gas mixture 
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containing 1000 ppm H 2S was introduced into the system. The H 2 flux was 
monitored until a steady-state level was achieved. Following sufficient steady-
state data collection, the temperature was increased to the next test condition. 
Barring membrane structural failure or system upsets, a membrane remained in 
the test unit until test completion, usually 900°C. 

Permeability results for the 1000 μηι thick 100, 80, 60 and 53wt% Pd 
membranes as a function of inverse absolute temperature in the presence of the 
flowing 1000 ppm H 2S test gas are presented in Figures 2-5. The neat H 2 

permeability values for the same 1000 μπι thick alloys are also included in the 
figures for comparison. The H 2 permeability of 1000 pm thick Pd is shown in 
each figure for reference. 

The permeability of the 100wt%Pd membrane with both H 2 and H2/1000 
ppm H 2S atmospheres is shown in Figure 2. The 100wt%Pd membrane showed 
about a 15 to 50% drop in hydrogen permeability in the presence of 1000 ppm 
H 2S over the 350 to 900°C temperature range, and the drop was more significant 
at higher temperatures. Pd has an fee structure over this entire temperature range. 
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Figure 2. Steady-state hydrogen permeability results for the WOO^m thick 
100wt%Pd membrane as a function of inverse temperature under H2 and 1000 
ppm H2S/H2. (Open symbols signify H2 and filled symbols signify 1000 ppm 
H2S/H2. Hyphenated numbers in figure key are the membrane identification 

numbers.) 
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The permeability of the 80wt%Pd alloy membrane is shown in Figure 3. The 
80wt%Pd alloy membrane showed up to about a 26% drop in hydrogen 
permability in the presence of 1000 ppm H 2S over the 350 to 900°C temperature 
range. The 80wt%Pd alloy structure is also fee over this entire temperature 
range. 

977°C 727°C 560°C 441 °C 352eC 283°C 
1.0E-07 ι j ι I I I 

ce ft< 

^ 1.0E-08 

« ο 
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"Best fit Pd" 
6-182 
6-49 
6-182 (H2S) 

. A -

0.8 1.0 1.2 1.4 1.6 1.8 

1000/T [Κ 1] 

Figure 5. Steady-state hydrogen permeability results for the 1000 μm thick 
80wt%Pd membrane as a function of inverse temperature under H2 and 1000 
ppm H2S/H2. (Open symbols signify H2 and filled symbols signify 1000 ppm 
H2S/H2. Hyphenated numbers in figure key are the membrane identification 

numbers.) 

Figure 4 shows the permeability of the 60wt%Pd alloy membrane in the 
presence of 1000 ppm H 2S over the 350 to 900°C temperature range. The 
permeability values showed two distinct trends when compared to the 
performance in clean H 2 . At 350°C, the permeability in the presence of H 2S was 
nearly two orders of magnitude lower than in H 2 . As temperature increased, the 
permeability in the presence of H 2S converged with that for H 2 until they were 
essentially equal at about 450°C. This range corresponds to the temperature 
stability range for mixed bcc-fcc structure. From this temperature, going through 
the transition to completely fee in structure at 600°C and continuing up to 
900°C, the permeability in the presence of H 2S essentially matched the 
permeability in the absence of H 2S. 
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Figure 4. Steady-state hydrogen permeability results for the 1000 μm thick 
60wt%Pd membrane as a function of inverse temperature under H2 and 1000 
ppm H2S/H2. (Open symbols signify H2 and filled symbols signify 1000 ppm 
H2S/H2. Hyphenated numbers in figure key are the membrane identification 

numbers.) 

Figure 5 shows the permeability of the 53wt%Pd alloy membrane in the 
presence of 1000 ppm H2S over the 350 to 900°C temperature range. The 
permeability values again showed two distinct trends when compared to the 
performance in clean H 2 . At 350°C, the permeability in the presence of H 2S was 
two orders of magnitude lower than in H 2 . As temperature increased, the 
permeability in the presence of H 2S converged with that for H 2 until they were 
essentially equal at about 500°C. This range corresponds to the temperature 
stability range for bec structure for this alloy composition. From this 
temperature, going through the transition to completely fee in structure at 600°C 
and continuing up to 900°C, the permeability in the presence of H 2S essentially 
matched the permeability in the absence of H 2S. 

Membrane retentate-side surfaces were examined by SEM/EDS following 
test completion, typically 900°C. Figure 6 shows a typical membrane surface 
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after exposure to the complete test series. The surfaces were found to be free of 
detectable sulfur compounds and exhibited significant grain growth. Both 
observations are consistent with what would be expected following the final 
900°C test condition. At 900°C, under the test atmosphere composition of 1000 
ppm H 2S, Pd and Cu sulfides are not stable26. 
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Figure 5. Steady-state hydrogen permeability results for the 1000 μm thick 
53wt%Pd membrane as a function of inverse temperature under Η2 and 1000 
ppm H2S/H2. (Open symbols signify H2 and filled symbols signify 1000ppm 
H2S/H2. Hyphenated numbers in figure key are the membrane identification 

numbers.) 

As stated previously, membranes were typically not characterized until the 
1000 ppm H 2S, 350 to 900°C test series was completed, however, several 1000 
xm membranes that failed at lower temperatures before the completion of the 
est series were examined. In some cases, metal sulfide growth was detected on 
he membrane surface by EDS. Unfortunately, for these instances, direct 
correlation of sulfide formation with test condition was not easily feasible since 
he reactor conditions were either not known (power failure) or were not able to 
>e optimized for sample preservation. 
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Figure 6. SEM image showing a typical membrane surface (80wt%Pd) after 
hydrogen permeability testing over the 350 to 900°C range under flowing 1000 

ppm H2S in H2. 

The steady-state permeability results obtained for the 1000 μπι thick 80, 60 
and 53wt% alloys under flowing 1000 ppm H 2 S/H 2 were compared to the 
transient 1000 ppm H 2 S/H 2 permeability reported previously21. Nearly identical 
trends in permeability were found for these three alloys using these two 
measurement methods. This agreement reinforces the suggested correlation 
between the alloy crystal structure and H 2S tolerance. The results of these 
steady-state permeability experiments indicated that when the Pd-Cu alloys had 
an fee structure, H 2S had little impact on permeability but when the structure 
was bec, H 2S had a moderate to severe impact. However, because of the 
extreme 1000 μπι thickness of the membranes used in this test series which 
could potentially mask effects arising from sulfur interactions, methods were 
sought to enable continuous H 2S exposure of 100 μπι and thinner membranes. 

Steady-state H2S exposure of 100 μπι foils - new mounting method 

A new mounting method utilizing a Swagelok® VCR fitting was developed 
to enable the exposure of 100 pm thick and thinner membrane foils to flowing 
H2S-containing test gases while avoiding the problems associated with direct 
brazing or welding. Initial membrane tests were carried out successfully using 
this method combined with a new testing protocol. First the membrane foils of 
interest were annealed and analyzed prior to testing to verify the crystalline 
structure prior to mounting in the compression fixture. The mounted membrane 
was heated to the selected test temperature under an inert atmosphere. Once the 
target temperature was achieved, the H 2 test gas was introduced and the baseline 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

1

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



147 

flux was verified. The 1000 ppm H2S-containing test gas was introduced and the 
performance determined for a period of 120 hours. During tests, the H 2S 
concentration exiting the reactor was monitored to verify that the bulk gas phase 
concentration flowing past the membrane was about 1000 ppm. Following this 
exposure, the inert gas flow was restarted and the system cooled as quickly as 
feasible. This test method allows characterization of the membrane following 
exposure to a specific set of conditions and partially preserves the membrane 
surface for the determination of surface changes. However, this method, while 
improved, still has limitations that must be considered during characterization 
such as the limited maximum cooling (quench) rate and changes in surface 
chemistry due to phase stability. 

Figure 7 shows the flux versus time plots for 100 μπι thick 100wt%Pd and 
80wt%Pd membranes exposed to flowing 1000 ppm H2S for 120 hours at 350°C. 
For reference, the performance of each membrane in H 2 is also shown. 

When the Pd membrane was exposed to 1000 ppm H 2S, an immediate flux 
decrease of about 25% was observed, Figure 7(a). Then over the rest of the 120 
hours of exposure, the flux continued to decrease until at 120 hours it had 
dropped by about 70%. Preliminary examination of the exposed membrane 
indicated that a highly modified, very porous surface had developed as shown in 
Figure 8(a). EDS of the membrane cross-section indicated about an 18 pm thick 
layer of sulfide had grown on the membrane surface during testing, Figure 8(b). 

Exposure of the 80wt%Pd alloy membrane to 1000 ppm H 2S resulted in an 
immediate flux decrease of about 99%, Figure 7(b). Over the rest of the 120 
hours of exposure, the flux decreased only slightly more. Preliminary 
examination of the exposed membrane again indicated a highly modified, porous 
appearing surface had developed although with a somewhat different appearance 
than that observed for Pd, Figure 8(c). Lines with a different morphology than 
most of the surface but the same composition were apparent. These lines 
probably reflect surface defects in the starting membrane such as scratches. EDS 
again suggested a relatively thick sulfide layer had grown on the membrane 
surface during testing, Figure 8(d). This layer appears to be thinner than the layer 
on the palladium membrane but more complex in structure as shown by the 
element maps of the cross-section. 

Conclusions and Future Work 

Attempts at determining the effect that the continuous exposure to flowing 
1000 ppm H 2S had on the permeability of 100 μπι thick Pd and Pd-Cu alloy foils 
brazed to support rings were not successful. Membrane failure was found to 
generally occur at about 500 to 600°C and was linked to the attack of S on the 
membrane-braze-support interface. 
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Figures 8. SEM images of the Pd and 80wt%Pd membranes after 120 hrs of 
operation at 350°C in the presence of1000ppm H2S at 620 kPa. (a) Surface 

image of Pd. (b) EDS map of the Pd cross-section, (c) Surface image of 
80wt%Pd. (d) EDS map of the 80wt%Pd cross-section. 

The permeability trends found in this study for the 1000 pm thick 
membranes under flowing 1000 ppm H 2 S/H 2 were compared to transient 
permeability results reported previously21. Nearly identical trends in 
permeability were found for the three Pd-Cu alloys by these two measurement 
methods reinforcing the suggested correlation between the alloy crystal structure 
and H 2S tolerance. The results of these steady-state permeability experiments 
indicated that when the Pd-Cu alloys had an fee structure, H 2S had little impact 
on flux but when the structure was bec, H 2S had a moderate to severe impact. 
However, both of these methods had limitations that probably impacted the 
results. The transient or batch method was limited by finite H 2S availability, 
competition for the available H 2S by other metal surfaces, relatively short test 
durations and a limited data set. The steady-state 1000 pm thick membrane 
method was potentially limited by membrane thickness which could have 
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masked the effects resulting from sulfur interaction with the membrane surface. 
For example, decreases in permeability due to surface effects would be less 
significant and less discernible due to the diminished permeability of the thicker 
membrane. Additionally, since a single test membrane was exposed to a series of 
conditions, any surface changes resulting from H 2S interaction could be lost at 
the next test condition. 

To address these limitations, a new membrane testing protocol was 
introduced which enabled 100 pm and thinner membranes to be successfully 
tested in the presence of H 2S over a long duration. In addition, an individual test 
membrane was exposed to only a single condition to preserve surface changes 
for characterization. Preliminary flux tests were conducted using 100 pm thick 
100wt%Pd and 80wt%Pd membranes exposed to flowing 1000 ppm H 2S at 
350°C for a duration of 120 hours. These initial test results indicated that H 2S 
had a more drastic impact on flux than was apparent through the transient or 
thick-membrane-steady-state results showing that the suspected limitations did 
influence those results. For example, the permeability decrease at 350°C of the 
1000 pm thick 80wt%Pd foil exposed to flowing 1000 ppm H 2S was about 20% 
while the decrease noted for the 100 pm thick foil was about 90%, both relative 
to their baseline H 2 performances. Characterization of the 100wt%Pd and 
80wt%Pd membranes after testing revealed a significant surface sulfide growth 
as well as major surface morphological changes. These results suggest that, 
under these specific conditions, very thin membranes or coatings composed of 
Pd or 80wt%Pd-Cu could have a very limited useful life and could thus be 
impractical. 

Pd-Cu alloy studies are continuing using this new approach and the results 
are expected to provide valuable insights into the performance of these alloys 
under an extensive range of conditions, but many questions remain to be 
answered. Future investigations include studying the effect of H 2S concentration, 
the effect of other gas species, the structure and chemistry of the alloy surfaces 
and Pd-Cu alloy modifications to improve S tolerance. 
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Chapter 12 

Removal of Nitrogen from Liquid Fuels 
by Supercritical Fluid 

Olubunmi M . Ogunsola 

Tryby Energy Minerals & Environmental Corporation (TEMEC), 
P.O. Box 1072, Woodbridge, VA 22195 

Liquid products derived from fossil fuels such as oil shale, 
coal and tar sands are required to be upgraded to be suitable as 
substitutes for petroleum. Upgrading is mainly done to 
enhance the H/C ratio and reduce the nitrogen and sulfur 
heterocyclic compounds which are present in large quantities 
in these syncrudes. The coneventional way of achieving this is 
by hydrotreating, i.e. by reacting the syncrude with hydrogen 
at high pressure in the presence of suitable catalysts. Sulfur 
and nitrogen are removed as H2S and NH3.  However , the 
quantity of hydrogen required can drive the cost of this process 
up. An innovative method of removing nitrogen compounds 
from syncrude is by supercritical water. The separation 
process is milder than hydrodenitrogenation which is the 
conventional nitrogen removal method. The results of previous 
studies aimed at supercritical water denitrogenation under 
different operating conditions are reviewed. The 
denitrogenation of model compounds gives an insight into the 
mechanism of denitrogenation process. 

© 2007 American Chemical Society 155 
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Resources of oil shale and tar sand 

The U.S. resources of oil shale and tar sands are estimated at about 2 trillion 
barrels and about 76 billion barrels, respectively. These huge unconventional oil 
resources are currently undeveloped (7,2). To develop these unconventional 
domestic energy resources several constraints, which include the presence of 
nitrogen and sulfur, which can lead to increased emission of nitrogen oxides and 
sulfur dioxide respectively, need to be addressed. 

In order to obtain high value transportation fuels that will meet the new, 
more stringent environmental requirements, the sulfur and nitrogen contents have 
to be considerably reduced. Current conventional method of nitrogen and sulfur 
removal by hydro-treating is very expensive due to huge demand of expensive 
hydrogen for their effective removal. Supercritical fluids have been successfully 
used to break the carbon-nitrogen and carbon-sulfur bonds in model compounds 
by a number of researchers, including Ogunsola and Berkowitz (3) and Ogunsola 
(4,5). Since the nitrogen and sulfur contained in oil shale and tar sands are 
similar to these model compounds, supercritical fluids are therefore good 
candidates for removing nitrogen from shale oil and sulfur from tar sands-
derived crude. 

This paper discusses previous studies aimed at determining the effectiveness 
of removing nitrogen from shale oil by supercritical water (SCW). 

Distribution of nitrogen in oil shale and tar sand 

In the past, several attempts have been made to recover these hydrocarbons, 
but there has been limited success due to several constraints. The constraints in 
the development of these domestic tar sands and other unconventional resources 
include geological challenges, high costs of extraction, production and 
upgrading, and environmental concerns. The most significant drawback to the 
use of finished transportation fuels produced from these unconventional 
resources is their high potential for NOx (nitrogen oxides) emission as a result of 
their high nitrogen content. For example, raw shale oil contains about twice as 
much nitrogen as that typically found in petroleum crude. This property 
significantly impacts the refining/upgrading of these synthetic crude oil. Most 
refining operations that utilize catalysts cannot function at such high nitrogen 
levels since these catalysts are readily poisoned by nitrogen compounds. Other 
problems caused by high amounts of nitrogen in syncrude are product instability 
and limited storage life, contamination during transportation in common crude 
oil pipelines, mutagenic properties and excessive NOx emission during 
combustion of the fuels. These problems strongly support the need to remove 
nitrogen from crude shale oil. 

Major nitrogen compounds in petroleum crude oil have been characterized 
mainly into four classes: pyridines, diaza compounds, carbazoles, and amides 
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(6). It was also reported that pyridines and pyrroles were the two major types of 
nitrogen compounds in shale oil (7). Also, Brown and co-workers (8) identified 
alkyl-pyridines, cycloalkanopyridines, alkylanilines, quinolines, 
tetrahydroquinolines, and tetrahydroisoquinolines in hydrocracked shale oil 
naphtha («). 

Overall, shale oil contains about 61% nonhydrocarbons. Studies have 
shown that there are two major nitrogen compounds that are found in shale oil: 
pyridines and pyrroles ((5). Other compounds that are often found include 
quinolines, indoles, and pyridine derivatives. Table 1 shows representative 
nitrogen-containing compounds in petroleum, shale oil and coal derived liquids, 
while Figure 1 shows the model structure of oil shale with nitrogen widely 
distributed. In addition, analysis has also discovered nitrogen-containing 
aromatics such as azarenes, azadibenzothiophenes, and cyclic amides. It is safe 
to say that nitrogen structures found in oil shale are primarily aromatic, with 
negligible quantities of saturated nitrogen compounds. It should also be noted 
that the nitrogen distribution of different compound types in shale oil derived 
from kerogen and bitumen is not necessarily the same (P). 

Figure 1. Sctructural model of oil shale (10) 

Impact of nitrogen on syncrude storage stability 

The presence of alkylated heterocyclic nitrogen compounds in processed 
shale oil can cause sedimentation. This especially becomes problematic in 
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compounds where the alkyl groups are adjacent to nitrogen. Fortunately, basic 
nitrogen compounds or nonalkylated heterocycles typically form only modest 
amounts of sediment. However, in the presence of reactive nitrogen compounds 
they can promote sedimentation. In addition, sedimentation from pyrrolic 
compounds can occur from oligomerization through adjacent methyl groups 
(11). The possibility of sedimentation is an important factor to consider when 
obtaining shale oil. Not only does sedimentation affect the storage stability of 
the shale oil, but it can also increase the cost and difficulty in processing and 
upgrading it. The storage stability of crude shale oil is very important 
considering the fact that retorting and upgrading are typically done in different 
locations. Also, a significant amount of time typically passes before the shale oil 
is processed. 

Consequences of nitrogen in syncrude processing 

Effect on catalyst 

Nitrogen compounds are poisonous to catalysts and usually interfere with 
catalytic reactions such as catalytic cracking. The reason for this lies in the fact 
that nitrogen compounds are very basic and preferentially absorb on the acidic 
catalyst surface (12). 

Environmental 

Having nitrogen-containing compounds in transportation fuels is detrimental 
to our environment. When a fuel is burned at very high temperatures, NOx are 
formed. These compounds have been associated with not only acid rain, but also 
the formation of fine particulate matter and ground level ozone (smog). 

Nitrogen removal methods/processes 

Hydrodenitrogenation 

One of the most extensively used methods to remove nitrogen from oil 
products is hydrodenitrogenation. In this hydrotreating process, liquid oil 
products are exposed to hydrogen in the presence of suitable catalysts. 
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Hydrotreating is the largest application of industrial catalysts based on the 
amount of material processed each year, and hydrotreating catalysts make up the 
third largest business based upon the amount of catalyst sold each year (75). 
During the process to remove nitrogen-containing molecules, hydrogénation of 
the aromatic rings must occur first. Due to the aromaticity of the nitrogen-
containing ring in polycyclic aromatics, the nitrogen atom can only be removed 
after hydrogénation of this ring which generally requires relatively high 
pressures of hydrogen. After this step, the C-N bond is cleaved as a direct result 
of N H 3 elimination (75). Studies have proven that in this type of reaction, both 
hydrogen consumption and the overall rate of denitrogenation increase with 
pressure (14). 

Among the models which are representative of the nitrogen impurities of 
petroleum, quinoline is one of the most simple, the decomposition of which 
involves all three reactions that are likely to occur during the 
hydrodenitrogenation of such impurities (the hydrogénation of nitrogen aromatic 
rings, the hydrogénation of benzene rings and carbon-nitrogen bond cleavages). 
Moreover, 1,2,3,4-tetrahydroquinoline makes it possible to compare at once the 
activities of the catalysts in carbon-nitrogen bond cleavage and in hydrogénation 
of benzene rings. The reaction scheme for quinoline hydrodenitrogenation 
proposed by Satterfield et. al (75) is shown in Figure 2. 

Ion-exchange 

Another process that has been found to be effective at removing nitrogen 
from transportation fuels utilizes ion exchange resins. A few ion exchange resins, 
or adsorbents, that have been used experimentally include Amberlyst-15, 
Amberlyst XN-1010, and Amberlite XE-397. Al l three of these resins exist as 
sulfonic acid on a styrene-divinyl-benzene backbone. When tested for nitrogen 
removal, they exhibited a significantly larger capacity for adsorption than other 
"inorganic" adsorbents. Other resins containing carboxylic acid functionality on 
a polyacrylic backbone exhibited no effective adsorption at all (16). 

Although the aforementioned resins were effective at removing nitrogen 
from shale-derived jet fuels in particular, they did not do so within the same 
capacity. For example, the integrated nitrogen adsorption capacity of XE-397 
was about 2.5 times more effective than that of A-15 (16). In addition, XE-397 
had utilization capacity greater than 100% in comparison to its theoretical 
adsorption capacity (16). Though all three acids had similar acid functionality, 
their different pore size distributions seemed to have a significant effect on their 
adsorption capacities (16). As a result, it should not be surprising that XE-397 
had the greatest adsorption capacity considering it also had the biggest mean 
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pore size. The correlation between pore size and adsorption capacity is of no 
consequence considering that ion-exchange processes are assumed to be 
controlled by intraparticle diffusion (17). Thus, not only is it necessary to 
understand the chemical aspects of an ion-exchange process, understanding the 
physical aspects of the process are necessary as well. 

Adsorption 

Another way to separate nitrogen compounds from hydrotreated shale oil 
products is by adsorption chromatography. Experiments have been conducted 
where basic and neutral alumina have been used to separate shale oil into 
specific nitrogen-type fractions. Both a pumped-flow and gravity-flow method 
were executed. However, it was determined that the pumped-flow procedure 
was better since it enabled more control over experimental parameters such as 
flow rate. This separation scheme could be very useful because it has been 
applied to shale oil products produced under different hydrotreating conditions 
(18,19). 

Solvent extraction 

It has been found through experimentation that ionic liquids can be used to 
extract nitrogen from transportation fuels. In one study, l-alkyl-3-
methylimidazolium (AMIM) tetrafluoroborate and hexafluorophosphate were 
used for the purpose of denitrogenation (20). The liquids proved to have a 
strong propensity for absorbing compounds with an aromatic structure. In fact, 
their absorption capabilities decreased as the aromatics became hindered by 
alkyl groups in the aromatic rings (20). This strong affinity for aromatic 
compounds is most likely related to the high polarity of the ionic liquids. 

There is a strong interaction between the polarized aromatic molecules and 
the charged ion pairs of the ionic liquids. From these observations, one may 
conclude that molecules with high polarizable π-electron density prefer the 
molecular structure of ionic liquids (20). 

Supercritical fluid (water) for denitrogenation 

Al l the above methods have their set backs. For example 
hydrodenitrogenation requires a large quantity of hydrogen which can be 
expensive. Similarly solvent extraction and adsorption processes are plagued 
with high cost for materials. Besides, products from solvent extraction process 
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can be contaminated with residues left from the solvents. However, supercritical 
water extraction is a novel process that is relatively cheaper and more effective. 
It uses cheap water as a source of much needed hydrogen. This and other 
advantages are discussed later in this paper. 

Fundamentals of supercritical fluid 

Under supercritical conditions, fluids behave like dense gases with high 
diffusivities (27), resulting in high mass transfer. This property allows 
supercritical fluids to dissolve non-volatile compounds more easily. It has been 
reported that the reaction during supercritical fluid extraction varies from gas­
like to liquid-like as the solvent density increases (22). It is therefore expected to 
observe two different reaction pathways, depending on density. Some other 
unique characteristics of supercritical fluids include minimal chemical 
degradation of the extracts and simple recovery of these extracts. 

Water is an example of a liquid that works well for supercritical fluid 
extraction/upgrading. Liquid water at standard conditions can be an excellent 
solvent for many compounds and electrolytes because of its high dielectric 
constant, but it is negligibly miscible with hydrocarbons and gases. However, in 
the supercritical region, water becomes completely miscible with hydrocarbons 
and gases. In this region, there are no phase boundaries and many reactions may 
proceed without many mass transfer limitations (23). 

One of the most important properties of water is its dielectric constant. Not 
only can this parameter be varied by temperature and pressure, it can also greatly 
influence the rate of chemical reactions. The ion product of water (Kw) also has 
a strong influence on chemical reactivity. Since the ion product can be 
significantly higher in the supercritical region, water may play the role as an acid 
or base catalyst. Acid or base catalyzed reactions in water exhibit non-Arrhenius 
behavior at high temperatures and pressures which can drastically affect reaction 
rates (25). Both the dielectric constant and ion product of supercritical water are 
some of the properties that are responsible for its solvent power. Other 
particular advantages of water as a solvent for supercritical fluid 
extraction/upgrading are: greatly reduced further contamination of extracts, non-
toxicity, low cost, and high extractability of heavy hydrocarbons. 

Supercritical fluid processing of syncrude using sand bath 

In order to evaluate the potential of denitrogenating syncrude, some 
experiments were conducted in micro bomb tubing reactors constructed with 
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swagelock fittings. In each run, the micro reactor was loaded with 2 g of sample 
and water. After loading and closing the reactor, nitrogen was used to purge the 
reactor before pressurizing the system to the cold pressure that will generate the 
hot reaction pressure. The reactor was then immersed in a preheated fluidized 
sand bath and the time of immersion recorded as the start of the experiment. 
Iron Oxide (Fe203) catalysts was added to some reactions to determine the 
catalytic effect. The reactions were carried out at 300°C and 400°C, at 14 and 
22MPa, for various durations ranging from 1 hour to 24hours. Details of the 
experimental procedure are discussed elsewhere (4). 

Quinoline was chosen for the denitrogenation experiment with the 
assumption that its behavior is representative of many other nitrogen 
heterocyclic compounds present in syncrude from tar sand and oil shale. 

The results of supercritical water reaction of quinoline in the presence of 
Fe 2 0 3 conducted by Ogunsola (4) allowed her to develop a reaction sequence 
depicted in Figure 3. Generation of aniline type products has been regarded by 
Houser et al (24) as due to pronounced preference for 1-2 bond rupture. The 
presence of naphthalene 2- methyl also suggests that naphthalene is an 
intermediate product that may arise from methyl-indane interaction. 

Formation of hydroxyl quinoline must have been initiated by ionic reactions 
that involved H + and OH" ions. Hydrogénation by H 2 enables the heterocyclic 
ring to be saturated, and this can be followed by hydrogenolysis of C-N bonds 
that first open the hetero-ring and then convert the resultant aliphatic and 
aromatic amine intermediates to hydrocarbons and ammonia (24). Also direct 
attack of OH* on quinoline may have led to formation of hydroxyl quinoline. It 
has been suggested that both ionic reaction and free radical capping are possible 
under supercritical conditions (25). 

The formation of 2,2-biquinoline from pyrolysis of quinoline suggest that 
the main reaction mode is thermal cracking and subsequent random 
polymerization to heavier molecules. 

Aliphatic amines such as pyridine are very reactive and are not substantial 
constituents in the original feeds, but they are formed as intermediates during 
hydrodenitrogenation (HDN) of cyclic nitrogen compounds. For example, the 
HDN of pyridine proceeds via saturation of the heterocyclic ring followed by 
ring opening to n-pentylamine and subsequent removal of the nitrogen by 
deamination (26). Considerable savings in hydrogen and a better hydrocarbon 
product would be obtained if the catalytic activity for C-N bond cleavage could 
be enhanced. Therefore, it is important to examine the last step corresponding to 
the C-N bond cleavage of the primary amine. The mechanism most often 
mentioned for amine removal reactions is the Hoffmann degradation (27, 28). 
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OH 

àû où" 
Hydroxy Quinoline ^ > ^ ^ & ^ ν 

A Intermediate product X . 

NH 

NH3 

OH" 

Intermediate product 02 C02, NH3 

CH~ 

Quinoline 

CH, 

00-0^. 
Intermediate Product Aniline 

Toluidine^*^ NH 0 

-CH3+| H -+-(CH3)2 

Quinoline Methyl CH2CH3 

Figure 3. Proposed reaction sequence in quinoline denitrogenation by SCW(4) 

This mechanism usually requires that the leaving nitrogen be quaternized, and 
the degradation is known to occur only with saturated hydrocarbons. The Ν 
removal step is either a β-elimination, involving a hydrogen of the carbon in the 
β position with respect to the nitrogen atom (27), or a nucleophilic substitution 
(27). Under the experimental conditions required for HDN, the olefinic 
compounds formed can be readily hydrogenated. 

In summary, it has been demonstrated from various previous studies that 
supercritical water can be used to upgrade and denitrogenate syncrude derived 
from unconventional hydrocarbon such as tar sand and oil shale. The presence 
of Fe 2 0 3 catalyst enhanced the denitrogenation process. A perusal of the 
literature reveals that SCW appears to show more promise in removing nitrogen 
from nitrogen-containing fuels than conventional denitrogenation methods. 
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Chapter 13 

Application of Supercritical Fluids to Solid Acid 
Catalyst Alkylation and Regeneration 

Lucia M . Petkovic, Daniel M . Ginosar*, David N. Thompson, 
and Kyle C. Burch 

Chemistry Department, Idaho National Laboratory, P.O. Box 1625, MS 
2208, Idaho Falls, ID 83415-2208 

Supercritical fluid (SCF) regeneration is a promising 
alternative method for regenerating solid catalysts deactivated 
by carbonaceous deposits. The unique solvent and transport 
properties of SCFs such as solvent strength similar to liquids 
and transport properties similar to gases make them highly 
suitable for extraction of fouling materials from porous 
heterogeneous catalysts. A brief review of the research work 
performed at the Idaho National Laboratory (INL) on the 
application of supercritical fluids to both isobutane/butene 
alkylation reaction and solid acid catalyst regeneration is 
presented in this contribution. 

© 2007 American Chemical Society 169 
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Alkylation processes are utilized in the petroleum refining industry to 
produce a low vapor pressure, high-octane gasoline blend stock through the 
reaction of high vapor pressure isoalkanes and alkenes. The product ("alkylate") 
is desired not only because of its high octane rating, blending properties, and 
environmental advantages, but also because it is considered to be an essential 
factor in meeting the growing demand of reformulated gasoline in the US (/). 

Industrial processes use concentrated mineral acids to catalyze the 
alkylation reaction. This poses serious safety and environmental risks arising 
from the transport and storage of the concentrated liquid acids and the need to 
dispose of acid-oil sludges. 

Solid acid catalysts could be used as a safer and more environmentally 
acceptable alternative to liquid acids, however there are significant technical 
barriers to overcome before this can be realized. A major limitation to the use of 
the solid acid catalysts is their deactivation due to the formation and deposition 
of carbonaceous deposits. Current industrial methods to regenerate solid acid 
catalysts involve oxidation or hydrogénation. However, oxidation may alter 
catalyst structure; hydrogénation requires the presence of noble metals on the 
catalyst and a hydrogen supply infrastructure. Al l these factors significantly 
increase capital and operating costs. Many of the technical challenges 
surrounding isoparaffin-olefin alkylation processes (2) and the application of 
solid acid catalysts (5) have been reviewed. 

Supercritical fluid regeneration is a promising alternative method for 
regenerating solid catalysts deactivated by carbonaceous deposits. The unique 
solvent and transport properties of SCFs such as solvent strength similar to 
liquids and transport properties similar to gases make them highly suitable for 
extraction of fouling materials from porous heterogeneous catalysts. A review on 
the application of supercritical fluids in heterogeneous catalysis is available in 
the literature (4). 

In this article, a review of the research work performed at the Idaho National 
Laboratory (INL) on the application of supercritical fluids to both 
isobutane/butene alkylation reaction and solid acid catalyst regeneration is 
presented. The first section summarizes the exploration of isobutane/trans-2-
butene alkylation over six solid acid catalysts in the liquid (L), modified liquid 
(ML), near-critical liquid (NC-L), and supercritical (SC) regions through the 
addition of a cosolvent to the reaction feed mixture. The second section includes 
the work on the application of different fluids and fluid phases to regenerate a 
completely deactivated acidic ultrastable Y (USY) zeolite catalyst and the 
particular case of application of SC isobutane. The third section includes the 
research performed to explore two criteria to end the alkylation reaction and 
initiate SCF regeneration on a partially deactivated USY zeolite catalyst and the 
automated reaction/SCF regeneration application utilizing both synthetic feed 
and commercial refinery isoparaffin/olefin blends. The fourth section 
investigates the chemistry of the SC isobutane regeneration process. 
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Application of SCF to the Isobutane/Butene Alkylation 
Reaction 

Initial experiments performed at the INL compared different catalysts, 
fluids, and operating conditions to determine the effect of SCF on solid acid 
catalyst alkylation (J). Three sets of studies were performed: a catalyst 
comparison using six different catalysts (i.e., two zeolites, two sulfated metal 
oxides, and two Nafion catalysts) with methane as a cosolvent; an exploration of 
the effect of varying methane addition on alkylation using a USY zeolite 
catalyst; and a study of the effect of seven cosolvents (i.e., three hydrocarbons, 
two fluorocarbons, carbon dioxide, and sulfur hexafluoride) at L, ML, NC-L, 
and SCF conditions on the USY catalyst performance. 

The six catalysts selected represented a variety of acidities and porosities to 
provide a wide range of properties. Seven different cosolvents were chosen to 
explore differing solvent strengths and transport properties and hence covered a 
wide range of densities, molecular weights, and dipole moments. Al l 
experiments were conducted in a plug-flow reactor system and the reaction was 
allowed to proceed until the concentration of trimethylpentanes (TMPs) in the 
outlet stream decreased to zero, indicating catalyst deactivation. 

In general, the light hydrocarbons and trifluoromethane were the best among 
the different cosolvents analyzed. Catalysts that presented higher acidities (i.e., 
Pt/USY and USY catalysts) produced at least 4 times greater yields of C5+ and 
TMP and demonstrated greater longevity than the other catalyst. However, 
operation under NC and SCF conditions was detrimental to catalyst longevity 
and product selectivity as compared to operation under liquid conditions. The 
application of different fluids and phases to regenerate a completely deactivated 
acidic USY catalyst and a more detailed analysis of the SC isobutane 
regeneration were undertaken next and are summarized in the following section. 

Regeneration of a Completely Deactivated USY Catalyst 

Application of Different Fluids and Fluid Phases 

Activity recovery of a completely deactivated USY zeolite catalyst that 
initially was deactivated during the liquid phase isobutane/butene alkylation 
reaction was examined in a continuous plug-flow regeneration system employing 
a series of C 3 -C 5 alkanes (<5). In addition, helium was also utilized as a 
regeneration fluid to analyze the effects of volatility on catalyst activity recovery. 
Regeneration experiments were performed by running the reaction mixture over 
fresh catalyst until it was completely deactivated, flowing a regeneration fluid 
over the catalyst bed at specific conditions, and then rerunning the reaction 
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mixture over the regenerated catalyst bed under conditions identical to the first 
step. Regeneration effectiveness was determined by dividing product yield after 
regeneration by the yield obtained using the fresh catalyst. 

To determine the effectiveness of the different fluids on catalyst 
reactivation, temperature and pressure were kept constant at 111 bar and 180 °C. 
Under these conditions, helium was in the gas phase, propane, η-butane and 
isobutane were supercritical, and n-pentane and isopentane were NC liquids. The 
results of regeneration effectiveness (i.e., yield after regeneration with respect of 
yield from the fresh catalyst) are shown on Table I. For example, SC isobutane 
and propane recovered as much as 82% and just 24% of the fresh catalyst TMP 
activity, respectively. Isobutane clearly provided the greatest catalyst 
regeneration. The increased ability of the isobutane and isopentane to facilitate 
hydride transfer reactions with adsorbed deactivating high-molecular weight 
species was proposed to play a significant role in attaining high levels of catalyst 
activity recovery. This effect was confirmed when analyzing the effect of fluid 
phase on catalyst activity recovery employing the C 4 and C 5 alkanes at both NC 
liquid and SCF conditions at 111 bar. For these experiments, the temperature 
was adjusted to obtain the desired fluid phase. The results in Error! Reference 
source not found, show that effect of phase and the C 4 and C 5 isomers having a 
tertiary carbon atom in their molecule were more effective to recover catalyst 
activity than the linear alkanes both at NC-liquid and SCF conditions. This result 
confirmed that facile hydride transfer between adsorbed fouling compounds and 
the reactivating fluid may play a role in promoting catalyst activity recovery in 
addition to cracking, volatilization, and extraction. Additionally, these results 
confirm that the SCF phase was most effective at restoring initial catalyst 
activity. A more detailed study of the SC isobutane regeneration was carried out 
next as outlined in the following section. 

Table I. Regeneration Effectiveness for All Regeneration Fluids 

helium propane η-butane isobutane n-pentane isopentane 
(% activity recovery) 

34 28 57 75 27 66 
c, 37 30 59 78 30 63 
TMP 33 24 51 82 19 59 
NOTE: Table based on Figure 4 of Ref. (6). 

Supercritical Isobutane Regeneration 

Alkylation activity recovery from a completely deactivated USY zeolite 
catalyst was next examined in a single-pass reaction system employing SC 
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Table II. Effect of Phase on TMP Regeneration Using C 4 and C 5 Alkanes at 
Near-critical Liquid and Supercritical Conditions 

Phase η-butane isobutane n-pentane isopentane 
(% activity recovery) 

NC-L 30 41 19 59 
SCF 51 82 40 65 

NOTE: Table based on Figure 5 of Ref. (6). 

isobutane under variable regeneration conditions (7). Regeneration tests were 
performed to determine the effect of regeneration pressure, regeneration time, 
and regeneration temperature at constant pressure and at constant density, on 
catalyst activity recovery. 

Regeneration temperature was varied while maintaining the reactor at the 
alkylation pressure of 111 bar. Temperatures tested (i.e., 60-190 °C) allowed for 
isobutane to be in the L, NC-L, and SCF phases as shown in Table III. 
Regeneration effectiveness increased with temperature up to an apparent 
maximum of 76-82% at 170-190 °C. These experiments, showed that merely 
washing the catalyst with isobutane in the liquid phase was ineffective at 
restoring catalyst activity. In contrast, regeneration conditions of either NC or 
SCF were necessary to obtain a significant recovery of catalyst activity. 
Increased temperatures under isobaric conditions increased both desorption rate 
of surface adsorbed species and solvent diffusivity, but decreased solvent 
density, and hence solute solubility. An effect of accelerated aging of coke may 
have also played a role in the decrease of regeneration effectiveness at the 
highest temperature applied. 

When regeneration pressure was varied between 15-173 bar while 
maintaining the reactor temperature at 150 °C, a slightly lower TMP 
regeneration effectiveness was found at both the lowest and the highest 
regeneration pressures as shown in Table IV. This may be explained by the fact 
that at subcritical pressure, the solubility of carbonaceous compounds in the 
gaseous state is lower. As the pressure increases, the fluid density and therefore 
solute solubility increases, which increases regeneration effectiveness. 

The slight decrease in regeneration effectiveness observed at the highest 
pressure studied may be the result of the combined effect of increased density 
with decreased diffusivity. 

When regeneration time was varied between 30-180 min while maintaining 
the reactor at 150 °C and 111 bar, the majority of compounds that could be 
removed from the catalyst by SC isobutane were removed during the first 2 h of 
regeneration and 72% of the activity recovery that could be achieved in 2 h had 
been accomplished in the first 30 min of regeneration. 
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Table III. TMP Regeneration Effectiveness for the Phase Tests 

Regeneration 
temperature (°Q 

Régénérant 
phase 

TMP regeneration 
effectiveness (%) 

60 L 0.4 ± 0.6 
90 L 2.8 ±0.9 

130 NC-L 41 ± 10.9 
140 SCF 52 ± 1.6 
150 SCF 61 ±2.7 
160 SCF 69 ±3.0 
170 SCF 69 ±7.0 
180 SCF 82 
190 SCF 76 ±6.5 

NOTE: Based on Table 2 and Fig. 6 of Ref (7). 

Table IV. TMP Regeneration Effectiveness as a Function of Pressure at 150 
°C, Using 120 min Regeneration Time 

Regeneration pressure (bar) 15 42 70 111 139 173 
TMP reg. effectiveness (%) 41 51 52 58 58 48 
NOTE: Based on Figure 4 of Ref (7). 

Another set of experiments tested the effect of temperature while 
maintaining a constant isobutane density of 0.41 g/cm3. To obtain a constant 
density of the SC isobutene, pressure was adjusted at each temperature between 
150 °C (111 bar) and 210 °C (220 bar). The results showed an apparent 
maximum in the TMP regeneration effectiveness between 190-210 °C, at about 
78-83% recovered activity. Any increase in temperature increases all reaction 
rates and hence slow diffusing species may condense more rapidly and produce 
higher molecular weight hydrocarbons that could not to be extracted from the 
zeolite pores due to their larger size. 

Supercritical Fluid Regeneration of a Partially Deactivated 
USY Zeolite Catalyst 

A summary of the research performed to explore two criteria to end the 
alkylation reaction and initiate SC isobutane regeneration on a partially 
deactivated USY zeolite catalyst is included in this section along with a summary 
of automated reaction/regeneration experiments aimed at determining the 
applicability of the process to refinery feed blends. 
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Criteria for Initiation of Supercritical Isobutane Regeneration 

The effectiveness of SC isobutane for single and multiple regenerations also 
was studied on a partially deactivated USY catalyst (Error! Reference source 
not found.). Catalyst samples were purposely deactivated to the point when 
either butene conversion declined to 95% or until a fixed (e.g., 3 hours) time-on-
stream (TOS) was reached. 

When the reaction was halted at a fixed TOS of 3.0 h, the integrated product 
yields were higher compared to those obtained from the fresh catalyst, the 
maximum product yields declined only slightly per run, and the overall product 
quality improved. Over 24 reaction cycles (see Table V), the TMP selectivity 
was relatively stable while dimethylhexane (DMH) selectivity decreased 
slightly. This provided an improvement in the TMP/DMH ratio from ca. 3.8 to 
ca. 5.0. This behavior, which was consistently observed, was mostly the result of 
higher product yields in the first hour of reaction likely due to the increased 
abundance of tert-butyl carbocations on the catalyst surface after regeneration. 

By contrast, using the butene conversion bases for initiating regeneration 
the catalyst lost 48% of its initial TMP activity in just 9 reaction cycles. Cycle 
time decreased each run, declining from an initial value of 6.55 hours to a final 
time of 3.67 hours. Maximum instantaneous product yield also declined with 
each reaction cycle. These experiments demonstrated that high levels of catalyst 
activity recovery may be achieved if the level of deactivation prior to 
regeneration is limited and thus catalyst longevity can be increased by several 
orders of magnitude by using SC isobutane regeneration. Testing of repeated SC 
isobutane regeneration in a reaction/regeneration automated system on a 
commercially available refinery paraffin/olefin blend was studied next to 
analyze the potential of SC isobutane regeneration for industrial purposes. These 
studies are summarized below. 

Automated Reaction/Supercritical Isobutane Regeneration 

Multiple supercritical isobutane regenerations of a partially deactivated 
USY solid acid catalyst also was tested utilizing a refinery alkylation feed blend 
(Error! Reference source not found.). The catalyst activity recovery was 
compared with the results of experiments that utilized a synthetic feed blend. 

The refinery blend contained a variety of light olefins, and contaminants (e.g., 
butadiene, oxygenates, sulfur) which are known to produce significant catalyst 
deactivation. These experiments were performed in a continuous, automated 
reaction/regeneration system. 

Thirty five 3-hour-reaction/3-hour-regeneration cycles were carried out over 
210 h using the synthetic feed. High levels of butene conversion (i.e. above 
92%) were maintained and product quality was relatively stable over the entire 
course of this experiment. The butene conversion declined an average of only 
0.051% per cycle. 
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Table V. Comparison of Product Quality Between Fresh Catalyst and a 
Catalyst Regenerated 24 Times After Halting the Reaction at 3 h TOS 

% of total alkylate 
Reaction Cs Cs c7 Cs TMP DMH Other C8 TMP/DMH 
Cycle No. 
1 7.6 5.1 7.1 76.9 59.8 15.6 1.5 3.4 3.84 

24 6.8 4.7 7.1 78.3 61.7 12.4 4.2 3.2 4.97 
NOTE: Table based on Table 3 of Ref. (8). 

When the commercial feed was employed, high levels of alkene conversion 
were maintained for 78 h and 192 h using a 3-h-reaction/3-h-regeneration cycle 
and a 2-h-reaction/2-h-regeneration cycle, respectively. Employing a 3-h-
reaction/3-h-regeneration cycle, alkene conversion remained at or above 92% for 
13 reaction/regeneration cycles, corresponding to 78 h of semi-continuous 
operation. By utilizing a 2-h-reaction/2-lwegeneration cycle, alkene conversion 
did not drop below 92% until the end of 48 reaction/regeneration cycles, 
corresponding to 192 h of operation. The 2-h-reaction/2-h-regeneration cycle 
limited alkene conversion decline to 0.035% per run, and C8 and 
trimethylpentane (TMP) composition decline to 0.040% and 0.042% per run, 
respectively. Yields and productivities (defined as the product yield per gram of 
catalyst divided by the total TOS) are shown in Table VI for the control 
experiment (no regeneration) and for 2-h-reaction/2-h-regeneration cycle tests, 
using the commercial feed blend. Two criteria for ending the tests are shown: (1) 
Loss of 8 % of the alkene conversion and (2) Loss of 10% of the TMP activity 
since those were the points at which the regeneration tests were terminated. 

When 8% loss of alkene conversion was used as the criterion for 
comparison, the regenerated swing reactors combined for 23 fold increases in 
productive time on stream, for the 2h/2h tests, versus the non-regenerated control 
case. The cumulative C 5 + and TMP yields were increased by 24 fold and 22 fold, 
respectively. The C5+ and TMP productivities were essentially unchanged versus 
the control, with slight increases for C 5 + and slight decreases for TMPs. 

When 10% loss of TMP activity was used as the criterion for comparison, 
the regenerated swing reactors combined for 31 fold increases in productive time 
on stream for the 2h/2h tests, versus the non-regenerated control case. The 
cumulative C5+ and TMP yields were increased by 70 fold and 59 fold, 
respectively. Using this criterion, both the C 5 + and TMP productivities increased 
by a factor of about 2 fold versus the control productivity. These results were 
highly encouraging since they demonstrated the net effect of SC isobutane 
regeneration in extending the active catalyst lifetime, thereby allowing higher 
yields from a unit of catalyst when refinery paraffin/olefins blend were utilized. 
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Table VI. Comparison of Cumulative Yields and Productivities for Cycle 
Testing Using a Commercial Feed Blend. 

No Regeneration 2-h-React/2-h-Regen 
Cycle 

Criterion: 8% loss of alkene conversion 
TOS (h) 8.34 192.3 
Cumulative C 5 + Yield (g/g cat) 1.303 30.72 
Cumulative TMP Yield (g/g cat) 0.601 13.15 
C J + Productivity (g/g cat/h) 0.156 0.160 
TMP Productivity (g/g cat/h) 0.0720 0.0684 

Criterion: 10% loss of TMP activity 
TOS (h) 3.33 104.2 
Cumulative C 5 + Yield (g/g cat) 0.251 17.52 
Cumulative TMP Yield (g/g cat) 0.130 7.67 
C5+ Productivity (g/g cat/h) 0.0754 0.168 
TMP Productivity (g/g cat/h) 0.0392 0.0736 
NOTE: Based on Table 4 of Ref. (9). 

Characterization of Spent Zeolite Catalysts 

This section summarizes the chemistry of the SC isobutane regeneration 
process. To understand the nature of the hydrocarbons that remain adsorbed on 
the surface of the USY zeolite catalyst both before and after SC isobutane 
regeneration, a series of ex-situ temperature-programmed oxidation (TPO), 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), and 
ultraviolet-visible (UV-vis) analyses was performed on samples submitted to 
different TOS (10) under isobutane/butene reaction conditions. 

These analyses demonstrated that during alkylation, the adsorption of 
hydrocarbons, which were mostly highly branched paraffins, decreased catalyst 
micropore volume, and that fully deactivated USY samples did not present any 
available microporosity. SC isobutane was effective in recovering catalyst 
microporosity even from the completely deactivated USY samples. However, 
full removal of hydrocarbon species was only obtained from samples that were 
not completely deactivated. Samples that were initially utilized for long TOS 
contained highly condensed carbonaceous species that instead of being extracted 
by the SC isobutane, dehydrogenated to produce species even more condensed. 
This further condensation during SC isobutane regeneration was assigned to the 
higher temperature (i.e., 180 °C) used for regeneration with respect to the milder 
conditions (i.e., 60 °C) applied during alkylation. 
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To determine the effect of zeolite pore structure on coke removal by SCF 
regeneration a series of wide pore zeolites, which included acidic Ys, betas, and 
mordenite, were fully deactivated under a flowing isobutane/butene mixture and 
then regenerated under flowing SC isobutane for 60 min (//). The spent 
catalysts were examined ex-situ by TPO, DRIFTS, and UV-Vis spectroscopy 
both before and after regeneration. These analyses demonstrated that although 
most adsorbed hydrocarbons were removed in some catalysts none of the 
catalysts were completely free of hydrocarbon deposits after SC isobutane 
regeneration. 

Zeolite pore structure and acidity were shown to play important roles in 
hydrocarbon transformation and removal by SC isobutane regeneration. The lack 
of complete regeneration of fully deactivated samples was assigned to the 
formation of condensed hydrocarbon species. This effect was favored by the 
presence of cavities in the zeolite pore structure, lower zeolite acidities, and 
higher temperatures during SC isobutane regeneration with respect to the 
temperature during isobutane/butene reaction. 

Zeolites possessing high acidities and three-dimensional pore structures that 
lack large expansions or cavities are likely the most adequate for repeated SC 
isobutane regeneration. These type of zeolites are expected to favor hydride 
transfer rates during SCF regeneration and impose steric hindrance on the 
formation of condensed hydrocarbon species. This was confirmed during cyclic 
reaction/SCF regeneration experiments on fully deactivated USY and beta 
zeolites. Although neither catalyst recovered its initial performance after SC 
isobutane treatment, the decrease of activity between cycles was slower in the 
beta sample likely due to hindered formation of condensed compounds. 

Conclusions 

Supercritical isobutane can provide complete activity recovery from 
partially deactivated USY catalysts. It can also be applied multiple times to 
maintain high levels of catalyst activity when the alkylation reaction is 
performed utilizing commercially available refinery blends. Pressure, 
temperature, and regeneration time played important roles in the SC isobutane 
regeneration process because of their effect on solute solubility, diffusivity, 
surface desorption, hydride transfer rates, and coke aging. As a consequence, 
regeneration effectiveness may be maximized by manipulating those variables. 

Zeolite pore structure and acidity also play important roles in hydrocarbon 
transformation and removal by SC isobutane regeneration. The lack of complete 
regeneration of fully deactivated samples was attributed to the formation of 
condensed hydrocarbon species. This effect was favored by the presence of 
cavities in the zeolite pore structure, lower zeolite acidities, and higher 
temperatures during SC isobutane regeneration with respect to the temperature 
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during isobutane/butene reaction. Zeolites possessing high acidities and three-
dimensional pore structures that lack large expansions or cavities are likely the 
most adequate for repeated SC isobutane regeneration. These types of zeolites 
are expected to favor hydride transfer rates during SCF regeneration and impose 
steric hindrance on the formation of condensed hydrocarbon species. 

In summary, the research work performed at the INL demonstrated that the 
introduction of supercritical cosolvents during the alkylation reaction did not 
result in improved or sustained catalytic performance. However, supercritical 
fluids in general and isobutane in particular were shown to be promising 
régénérants of some solid acid zeolite catalysts that may be utilized in 
isobutane/butene alkylation reaction. 
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Chapter 14 

ExSact: Novel Solid-Acid Catalyzed Iso-Paraffin 
Alkylation Process 

Mitrajit Mukherjee, Sankaran Sundaresan, Richard Porcelli, 
and James Nehlsen 

Exelus Inc., 99 Dorsa Avenue, Livingston, NJ 07039 

The first commercially viable solid-acid catalyst for 
isoparaffin alkylation is developed by simultaneously applying 
basic engineering concepts at many scales during process 
development. The pore structure, the acid site density, and the 
active site distribution are optimized to achieve the desired 
isomeric products, while resisting coking. Concurrent reactor 
design further enhances product quality, while reducing 
capital cost. The result is a "green" process that eliminates the 
hazards of liquid-acid catalysts, while also reducing cost. 

The phase-out of methyl tertiary-butyl ether (MTBE) has important 
consequences on the US reformulated gasoline (RFG) market both in terms of 
octane value and volume loss. MTBE has an octane rating of 110 and it 
commands approximately 10% of the RFG and California Air Resources Board 
(CARB) gasoline pool. Although MTBE will likely continue to be used in the 
rest of the world, eliminating it from domestic gasoline will require 
compensation in the form of alternative high-octane additives. The shortfall in 
gasoline volume and octane rating can be met by substituting alkylate for 
MTBE. 

Alkylate is an ideal clean fuel component because it has a high octane 
rating, low vapor pressure, low toxicity, and costs less than MTBE. Table 1 
compares some relevant properties of alkylate and MTBE. Alkylate has been 
blended into gasoline for decades to improve octane. EIA (Energy Information 
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Table L Properties of Alkylate compared with MTBE. 
Selected High - RVP Octane Number Relative 

Octane Components (psia) (R+M)/2 Cost 
MTBE 8.0 110 1.6 

Alkylate 2.6 94 1.0 

Administration) reported (1) that the volume of total gasoline production can be 
restored to MTBE-free volume levels with alkylate. Refiners, however, are 
reluctant to replace MTBE units with costly liquid acid-catalyzed alkylation 
units, which pose severe environmental hazards and security risks. 

Alkylate is currently produced using either sulfuric or hydrofluoric acid as 
the catalyst. HF is particularly dangerous due to its propensity to form stable 
aerosols in an accidental release. Sulfuric is less dangerous, but its use still 
requires brick-lined vessels and consumption is high. Sulfuric acid units also 
require costly refrigeration to maintain the proper reaction temperature. 

Solid acid-catalyzed alkylation eliminates the hazards and costs associated 
with using and regenerating corrosive liquid acids. Unfortunately, most solid 
acid technologies are significantly more expensive than liquid acid systems and 
require complex reactor systems to compensate for short catalyst life. As a 
result, grassroots systems are not typically competitive with liquid acid 
technology, and retrofitting is often not possible due to the exotic process 
designs. Of the four solid acid alkylation technologies proposed by major 
licensors, none has yet been accepted by the industry. 

MTBE producers wanting to switch production to alkylate have been 
restricted primarily to isooctene (isobutene dimerization) technology. Isooctene 
has a much lower motor octane number (MON) value than paraffinic alkylate 
and requires an expensive hydrogénation reactor to create high quality product. 
Solid acid-catalyzed alkylation technology compatible with existing packed bed 
reactors resolves all of these issues. Both retrofitting and grassroots plants 
become economical. Process operation is simple, and product quality from solid 
acids can equal or exceed that of liquid acid processes» Alkylation also provides 
more than twice the volume yield of dimerization, restoring capacity lost by 
eliminating methanol as a feed stream in MTBE facilities. 

Alkylation Reactions 

The basic reactions occurring during isoparaffin alkylation are shown in 
figure 1. Alkylation of isobutane with light (C 3 -C 5 ) olefins in the presence of a 
strong acid catalyst involves a series of consecutive and simultaneous reactions 
occurring through carbocation intermediates (2). The protonation of an olefin, 
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Figure 1. Isoparaffin alkylation reactions in the presence of an acid catalyst. 

followed by hydride abstraction from isobutane, leads to a /-butyl cation and 
initiates the reaction. The ί-butyl cation then combines with an olefin (e.g. C 4) to 
give the corresponding C 8

+ carbocation. These C 8

+ carbocations may isomerize 
via hydride transfer and methyl shifts to form more stable cations. They also 
undergo hydride transfer with isobutane to regenerate the /-butyl cation and 
perpetuate the chain sequence. 

Unfortunately, these are not the only reactions occurring during alkylation. 
There are a number of secondary reactions that, in general, tend to reduce the 
quality of alkylate. The C 8

+ can continue to react with olefins to form larger 
cations. The successive addition of olefins to C% carbocations and olefin 
polymerization are the primary routes to formation of high molecular weight 
hydrocarbon residue or "coke." Liquid-acid catalysts generate heavy byproducts 
in the form of "acid-soluble oil." This byproduct must be treated to remove the 
hydrocarbon content and regenerate the acid, leading to higher catalyst costs, 
particularly for sulfuric acid systems. Solid-acid catalysts offer a safe and 
environmentally benign alternative to liquid acids. However, their fine pore 
structure is prone to clogging by these large coke molecules, and the acid sites 
can be deactivated by strongly adsorbed species. Most solid acid catalysts 
therefore deactivate quickly unless the olefin concentration in the reactor is kept 
to extremely low levels (3). Most solid acid catalysts available today last only an 
hour or two at typical reaction conditions. 
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Criteria for a Viable Process 

Catalyst 

Successful design of an isoparaffin alkylation catalyst must overcome the 
following two challenges: 

• The catalyst must facilitate the hydride transfer reaction both during the 
initiation reaction and, more importantly, the alkylation step. 

• The formation of coke precursors, including olefin oligomers, must be 
suppressed to extend catalyst lifetime. 

Most strong Bronsted acids effectively facilitate the hydride transfer reaction 
required to make alkylate (4)9 but avoiding the formation of high molecular 
weight coke precursors has proven more difficult to achieve. This second hurdle 
is particularly important for the deactivation of solid acid catalysts and has 
proven to be a stumbling block for the technology. 

Any catalyst chosen should also meet certain criteria from a practical 
standpoint. The catalyst should be physically and chemically stable to ensure 
product purity and catalyst lifetime. Supported liquid acid species are 
undesirable due to leaching, and many Lewis acids, such as chlorided alumina, 
require a co-feed of halogen to compensate for chemical degradation caused by 
water. A true solid acid is the only catalyst that is acceptably stable. 

Reactor 

The key challenge in isoparaffin alkylation is to create a catalyst/reactor 
system that minimizes the rate of deactivation of the catalyst. To maintain 
economic viability, the system should not be overly complex or expensive. 

Alkylation is a fast reaction over an appropriate catalyst. In a simple packed 
bed reactor, the reaction zone is very narrow and catalyst deactivation is rapid. 
A reaction front is created where most of the olefin present in the feed reacts in a 
small active zone. Behind the front, the catalyst is deactivated. Ahead of the 
front, the olefin is depleted and only cracking reactions can occur. 

The front moves through the bed as the catalyst deactivates. Breakthrough 
of the olefin occurs when the front reaches the end of the bed. This effect is 
diagrammed in figure 2. The same effect occurs in aromatic alkylation, though 
the deactivation is much slower. A packed bed will rapidly deactivate since the 
olefin concentration at the front is very high, equal to the isoparaffin to olefin 
ratio (I/O) of the feed unless a recycle is used. With conventional catalysts in a 
packed bed, the front will move through the bed rapidly, often in less than one 
hour, far too fast for commercial application. 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

4

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



185 

The deactivation of solid acid catalysts occurs through the formation of 
large hydrocarbons that cannot effectively desorb from the active site and 
diffuse out of the catalyst. These species are formed either by the addition of 
olefins to C 8 and heavier molecules or through olefin oligomerization. The 
kinetic rate constant for olefin oligomerization in most acids is at least two 
orders of magnitude higher than that for the hydride transfer reaction required to 
form alkylate. The concentration of olefin at the catalyst surface should, 
therefore, be at least two orders of magnitude lower than the isoparaffin 
concentration to enable the alkylation reaction to proceed faster than 
oligomerization. Reducing the concentration of olefin in the reactor is well 
known to reduce the formation of coke and extend catalyst life. (5) Figure 3 
shows that an I/O ratio in the reactor of about 400 is needed to prevent rapid 
deactivation. However, feed I/O ratios significantly lower (typically 6-15) are 
required for economical separation after the reactor. The reactor design must, 
therefore, create high I/O ratios in the reactor despite low feed ratios. 

Figure 2. Hypothetical reaction front moving through a packed bed. 

In response to this limitation, several processes have been developed that 
suppress catalyst deactivation through the use of slurry reactors, catalytic 
distillation, and an FCC-style fluidized bed with constant catalyst regeneration 
(6-8). These reactors achieve high I/O ratios and lower catalyst deactivation 
rates, but at a cost. Fluidized beds, for example, require specialized, attrition-
resistant catalyst and extensive filtration equipment. 
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Figure 3. Effect of isoparaffin to olefin (I/O) ratio on catalyst lifetime. 

These reactor types also inevitably suffer from side reactions. Specifically, 
when alkylate concentrations are high, as is the case in any well-mixed reactor, 
alkylation of the C 8 products causes product degradation and catalyst 
deactivation. The rate of this reaction is comparable to the rate of olefin addition 
to isobutane, since both are isoparaffms. Long residence times result in cracking 
of alkylate into undesirable light components, further reducing product yield. 

These side reactions suggest two conditions to be met by the reactor system. 
A high I/O ratio promotes longer catalyst life by reducing the formation of 
heavy byproducts, and a high isobutane to alkylate ratio promotes high product 
octane by reducing cracking reactions. A well-mixed reactor achieves the first of 
these conditions, but not the second. A packed bed achieves the second, but not 
the first. Achieving both conditions requires a different approach. 

Engineering a Catalyst 

Using grants from the US Department of Energy and the National Science 
Foundation, Exelus started developing a viable solid-acid catalyst alternative for 
isoparaffin alkylation. In order to produce a commercially viable process, the 
goal was to develop a catalyst that was useable in a simple fixed-bed reactor 
process using a benign solid-acid catalyst. Our desire to use a fixed-bed reactor 
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was influenced by two issues: a) to simplify process scale-up and b) to keep both 
capital costs and operating expenses as low as possible. In order to achieve this 
level of performance, every aspect of the catalyst must be engineered to meet the 
reaction criteria. This, however, is easier said than done for alkylation reactions. 

Isoparaffin alkylation reactions are very fast and they suffer from severe 
pore diffusion limitations. As a result, when catalyst particle size is increased 
from 100 pm (for slurry reactors) to 1.6 mm for fixed-bed reactors, the catalyst 
activity reduces by 10-fold according to basic mass transfer models using 
experimental values of the intrinsic rate constant, as shown in figure 4. To match 
the catalyst productivity of a slurry reactor, one would need to build a fixed-bed 
reactor with ten times the volume - not practical for a commercial scale system. 
In addition to using a fixed-bed reactor, we wanted to ensure that the solid-acid 
catalyst was both robust as well as benign (i.e. environmentally friendly). 

Figure 4. Reduction in kinetic rate constant due to mass transfer limitations. 

In order to create a proper catalyst, it is necessary to first understand the 
dynamics of the alkylation reaction by systematically studying the effect of both 
physical and chemical aspects of the solid-acid catalyst system design on 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

4

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



188 

product distribution and catalyst deactivation characteristics. Several different 
catalyst formulations encompassing a wide range of acid functions, density and 
distribution of acid sites, and acid strengths were evaluated as part of this study. 

Through this systematic study, Exelus was able to identify an optimal 
"window" of design parameter values that were then used to develop the 
catalyst. By judicious manipulation of the active material composition, 
researchers at Exelus developed a unique solid-acid catalytic system that has 
roughly 400% more active sites than a typical solid-acid catalyst. The catalyst 
activity was found to be higher than a typical liquid acid catalyst, which means 
that smaller amounts of catalyst are required, allowing one to design alkylation 
reactors with significantly lower volumes. 

By integrating optimized acid sites with superior mass transport 
characteristics and a pore architecture that reduces pore-mouth plugging, a 
catalyst with enhanced performance can be created. Figure 5 demonstrates that 
both the catalyst selectivity and lifetime are significantly improved. As shown in 
figure 6, which compares the performance of Exelus solid-acid catalyst with 
other commercially available systems, the new catalyst system is easily able to 
achieve a step-change in performance over other solid-acid catalysts. 

Figure 5. Improvement in catalyst performance as a result of engineered design. 
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Figure 6. Relative performance of an engineered catalyst to other solid 
acid catalysts. 

Novel Fixed-Bed Reactor Design 

Through an extensive study of the solid-acid alkylation reactions, Exelus 
has developed a robust kinetic model that is able to predict product octane as 
well as catalyst lifetimes for a large range of reaction conditions. Kinetic 
analyses (9) revealed that the rate constant for the undesired secondary 
(oligomerization) reaction is 2 orders of magnitude higher than the rate constant 
for the primary alkylation reaction. To achieve a substantial reduction in the rate 
of oligomerization, the olefin concentration (O) must therefore be kept 2 orders 
of magnitude lower than the isoparaffin concentration (I). Kinetic analyses also 
revealed that the rate constant for the product degradation reaction is similar in 
magnitude to the rate constant for the primary alkylation reaction. 

Using these data, a kinetic model capable of predicting the product yield 
and quality could be developed. By applying the kinetic model to novel reactor 
flow patterns, Exelus has been able to develop a unique fixed-bed alkylation 
reactor that enhances the primary reaction rate by optimizing both macro-mixing 
(residence time distribution) and micro-mixing (fluid dispersion) characteristics. 
The macro-mixing profile is optimized to reduce product degradation by 
minimizing the over-alkylation of iso-octane molecules to heavier (low octane) 
hydrocarbons. The desired micro-mixing characteristics produce low olefin 
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concentrations at the catalyst surface by dispersing small pockets of olefin near 
the injection site. This effect is achieved by using proprietary turbulence 
enhancing devices called "Dispersion Accelerators." The innovations in the 
Exelus process are summarized schematically in figure 7. 

Figure 7. The design of the alkylation process must occur on multiple length 
scales simultaneously. 

The performance of the fixed-bed reactor was verified in Exelus laboratory 
over a period of 2 months through tests under commercially relevant process 
conditions. Product was sampled over the entire length of the reactor to quantify 
the rate of alkylate degradation. Figure 8 shows the results of this test. 

The kinetic model adequately describes the product composition for most of 
the reactor length. In effect, the yield of C 8 alkylate is 20 wt% higher than that 
possible in a conventional recycle reactor, resulting in a net 1.5 octane number 
(RON) increase. 

Comparison with Conventional Liquid Acid Processes 

A comparison of the Exelus technology with competing liquid acid 
processes is presented below. We have used published data and pro-rated them 
(the sulfuric acid unit (7) was pro-rated from a 7,500 barrel per day (bpd) plant 
cost of $43.5 million while the HF plant (6) was pro-rated from a 8,800 bpd 
plant cost of $42.5 million) to reflect a plant capacity of 10,000 bpd. 

Capital expenses for the new solid acid process are lower than liquid-acid 
technologies due to the following reasons: 

• Simpler reactor design using inexpensive materials of construction 
• Elimination of refrigeration equipment 
• No need for acid handling vessels 
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Figure 8. Fit of kinetic model to optimized reactor product quality. 

Table II. Comparison of Capital and Operating Costs of Liquid and Solid 
Alkylation Technologies 

Parameter ExSact 
Process 

Hydrofluoric Acid 
Alkylation 

Sulfuric Acid 
Alkylation 

Plant Capacity (bspd) 10,000 10,000 10,000 
Capital Expenses (million) $26 $46 $55 

Raw Material Consumption : 
Iso-butane Consumption 1.21 v/v olefin 1.2 v/v olefin 1.17 v/v olefin 

Alkylate Yield 1.83 v/v olefin 1.8 v/v olefin 1.78 v/v olefin 

Utility/Chemicals Consumption : 
Steam ($ 4/klb) 

Power ($ 0.06/kWH) 
Fuel ($ 4/MM Btu) 

Cooling Water ($ 0.05/gal) 
Hydrogen ($ 0.55/lb) 

HF ($ 0.65/lb) or H 2S0 4 ($ 0.05/lb) 

116,000 lb/hr 
600 kW 

1.5 MM Btu/hr 
12,740 gpm 

70 lb/hr 
N/A 

65,700 lb/hr 
903 kW 

47.7 MM Btu/hr 
15,750 gpm 

47 lb/hr 

130,700 lb/hr 
4040 kW 

15,600 gpm 

7920 lb/hr 

Utility Costs ($/bbl) $1.40 $1.41 $2.90 
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As a result, capital expenses are about $26 million for a 10,000 bpd plant - a 
reduction of 45-50% compared with hydrofluoric and sulfuric acid alkylation 
processes. Utility costs are about the same as an HF unit but significantly lower 
(about 50%) than a sulfuric acid plant due to much lower power consumption 
and an inexpensive regeneration scheme using hydrogen. Finally, alkylate yields 
in the solid acid technology are higher due to elimination of acid-soluble oils 
that are formed during liquid-acid catalyzed alkylation processes, resulting in 
lower feedstock consumption. 

Conclusions 

A solid acid catalyst for isoparaffin alkylation has been engineered to 
produce high-octane alkylate without the use of toxic liquid acids. The strength 
and distribution of its acid sites reduce olefin dimerization and paraffin cracking, 
while enhancing isobutane alkylation. Furthermore, the controlled pore structure 
of the catalyst reduces deactivation by coke formation and pore mouth plugging. 
Both the active catalyst material and the overall structure and design of the 
catalyst are engineered to yield dramatic improvements in product quality and 
catalyst lifetime. The isoparaffin alkylation process using this catalyst is 
fundamentally safer and cleaner than conventional liquid-acid catalyzed 
processes, eliminating the use and generation of toxic chemicals. 

A novel fixed-bed alkylation reactor co-designed with the catalyst further 
enhances product quality, reduces deactivation, and minimizes capital and 
operating costs. This new reactor uses innovative fluid dynamics and an unusual 
reactor residence time distribution designed to maximize alkylate production 
without sacrificing the product octane value. The new solid-acid catalyst process 
promises significantly improved yields and selectivity while minimizing waste 
by-products and disposal problems associated with spent catalysts and 
regeneration of large quantities of liquid acids. Given the current push for eco-
friendly processes to produce ultra-clean fuels, this type of technology is poised 
to fill a large void in the gasoline market for decades to come. 
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Chapter 15 

Screening of Potential O-Ring Swelling Additives 
for Ultraclean Transportation Fuels 

John P. Baltrus1, Dirk D. Link1, Paul H. Zandhuis2, 
Robert J. Gormley1, and Richard R. Anderson1 

1National Energy Technology Laboratory, U.S. Department of Energy, 
P.O. Box 10940, Pittsburgh, PA 15236-0940 

2National Energy Technology Laboratory Site Support Contractor, 
Parsons RDS, P.O. Box 618, South Park, PA 15129 

Several classes of organic compounds and mixtures of organic 
compounds were evaluated as potential additives to Fischer-
Tropsch fuels to promote swelling of nitrile rubber o-rings that 
come in contact with the fuels. Computational modeling 
studies were also carried out to predict which compounds 
might be best at promoting o-ring swelling. The combined 
experimental-theoretical approach showed that steric factors 
strongly influence the interactions between additives and the 
nitrile sites in the rubber that result in swelling. Select 
compounds incorporating both oxygenate and aromatic 
functionalities appear to be the best candidates for additives 
because of a "dual" interaction between complementary 
functionalities on these compounds and the nitrile rubber. 
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The primary components of Fischer-Tropsch (F-T) fuels are typically linear 
and branched alkanes (7), in addition to smaller amounts of other compounds 
such as alkenes depending on the process that was used to produce the fuels. 
These compounds have a very weak ability to swell nitrile rubber o-rings. Such 
o-rings are the predominant type of o-rings found in legacy ground and air 
vehicles used in military operations as well as in civilian transportation vehicles. 
Under normal conditions, nitrile rubber o-rings will swell when they come in 
contact with a petroleum-derived fuel and this swelling is taken into account in 
designing systems that require o-rings to form a tight seal to prevent fuel 
leakage. 

Because of the increasing cost of petroleum-derived fuels and the desire to 
rely less on non-domestic sources of those fuels, there has been a renewed 
interest in incorporating F-T fuels into the domestic transportation fuel supply 
inventory. Before that can take place, issues such as the potential shrinkage of 
nitrile rubber o-rings when they contact fuels of increasing F-T character must be 
addressed. Otherwise there is the potential for disastrous consequences due to o-
ring shrinkage and subsequent fuel leakage. 

Two of the most important properties of F-T fuels that need to be addressed 
before their incorporation into the transportation fuel supply stream are lubricity 
and seal swelling capability (2-4). A near-term solution to the seal swelling and 
lubricity deficiency of F-T fuels is to blend the F-T fuel with conventional 
petroleum-derived feedstocks (4). Unfortunately that solution diminishes many 
of the benefits derived from using a pure ultra-clean transportation fuel. For the 
same reason, addition of sulfur compounds, which would induce desirable 
lubricity properties, is not an option. Therefore other classes of compounds, 
specifically aromatics and oxygenates, are being investigated as additives. This 
study seeks to determine which classes of compounds most efficiently promote 
nitrile rubber o-ring swelling. Of particular interest is the determination of what 
specific compounds would be the best swelling additives. 

Experimental 

Swelling Studies 

The swelling properties of the fuels were measured using ASTM Methods 
D-1414 and D-471. The o-rings used in the studies were buna-N (nitrile) 
N0602-70, obtained from Parker Seals, and having an outer diameter and 
thickness of approximately 1.9 mm and 0.3 mm, respectively. Measurements 
were simultaneously conducted on three o-rings, as prescribed by the ASTM 
methods. The volume of fuel used was typically 40 mL. The concentrations of 
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additives are reported as volume percent, unless indicated otherwise. The 
immersion time for the o-rings was 48 hours. 

Compositional Analysis 

Analysis was performed with an Agilent gas chromatography/mass 
spectrometry (GC/MS) system (Agilent 6890 GC coupled to an Agilent 5973 
Mass Selective Detector). Depending on the information desired, either a non-
polar column (Petrocol-DH 50.2, Supelco) or a polar column (Stabilwax-DA, 
Restek) was used. The polar column was used primarily for the analysis of 
extracts to help isolate polar components from the non-polar bulk matrix. Peak 
identification was performed using Agilent's ChemStation processing software 
against a National Institute of Standards and Technology (NIST) library of 
compounds, with additional confirmations obtained using the Automated Mass 
Spectral Deconvolution and Identification System (AMDIS) software package. 

Computational Studies 

Computational modeling of the interactions between specific organic 
molecules and the isobutyronitrile functionality was carried out using a scheme 
adapted from previous work conducted at the National Energy Technology 
Laboratory (NETL) (6). In a similar but slightly modified approach, ab initio 
calculations using the Gaussian 03 package (7) were performed to determine 
optimized structures at the second order Moller-Plesset (MP2) level of theory 
using the cc-pVDZ basis set for organic molecules and the isobutyronitrile 
monomer, model polymer. Fully optimized combined structures for each of 
these molecules with the isobutyronitrile monomer were calculated with the same 
cc-pVDZ basis set and at the MP2 level of theory. Finally, single point energy 
counterpoise calculations were made to determine the Basis Set Superposition 
Error (BSSE) corrected interaction energies for these molecules with the model 
polymer. 

Results and Discussion 

Base o-ring swelling measurements were conducted on petroleum-derived 
and F-T diesel and jet ftiels to determine the extent of swelling problems that 
might be encountered in moving from a petroleum-derived fuel to a synthetic 
fuel. The results are reported in Table I. As expected, the petroleum-derived 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

5

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



200 

fuels promoted excellent nitrile o-ring swelling while the F-T fuels yielded poor 
swelling results. Treatment in F-T diesel fuel actually resulted in shrinkage of 
the o-rings. 

Table I. Swelling Results for Nitrile Rubber O-Rings in Various Fuels 

Fuel Volume Change (%) 
Commercial Diesel 16.2 ± 1.0 
JP-5 14.0 ± 0.6 
F-T Diesel -0.7 ±0.3 
F-TJet(S-5) 0.7 ± 0.2 
S-5 + 10%EI-037 8.5 ± 0.4 
S-5 + 15%EI-037 13.6 ±0.2 
S-5 + 25% EI-037 25.4 ± 0.8 
S-5 + 15% Aromatic 150 9.6 ± 1.3 
NOTE: Vales are reported with a 95% confidence interval. 

A previous study attempted to determine the appropriate levels for spiking a 
synthetic jet fuel (S-5) with an aromatic-containing petroleum-derived jet fuel 
(JP-5) or an Aromatic solvent mixture, Aromatic-150 (ExxonMobil), to induce 
an acceptable level of swelling for nitrile rubber o-rings (5). It was determined 
that JP-5/S-5 blends were more proficient than Aromatic-150/S-5 blends at 
swelling nitrile rubber o-rings at a given level of aromatic content for the blend. 
Specifically, a 30 % blend of Aromatic-150 in S-5 was required to induce the 
same degree of swelling that was induced by a JP-5 fuel containing 20% 
aromatics (<S). The results reported in Table I show the same behavior, but less 
dramatically. Also, a highly-aromatic coal-derived jet fuel precursor, EI-037 
(Energy Research Institute, Pennsylvania State University), was found to induce 
significant swelling of nitrile rubber o-rings. The data in Table I show 
approximately the same level of swelling for the JP-5 fuel and an S-5/EI-037 
blend where the EI-037 concentration is only 15%. These results indicate that 
while aromatic species are able to induce swelling, some species (or combination 
of species) present in the petroleum-derived and coal-derived fuels are more 
proficient at inducing swelling than the aromatic species in the Aromatic-150 
solvent. 

A comparison of Aromatic-150 and JP-5 was made using GC/MS with a 
non-polar analytical column. The results showed that the region of overlap 
between Aromatic-150 and JP-5 ended at approximately the point where 
dodecane eluted. Therefore, it was inferred that whatever similar compounds the 
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two liquids contain that may be responsible for swelling had to be present in the 
lower-boiling fraction of the petroleum-derived fuel. 

In an effort to determine which classes of compounds would induce the most 
swelling, the JP-5 fuel was distilled at specific cut-points resulting in fractions 
that contained different classes of organic compounds. For instance, the fraction 
of a JP-5 fuel with boiling point less than that of dodecane (212°C) induced 
considerably more swelling of nitrile rubber o-rings than the fraction with 
boiling point greater than 212°C (16.4 % vs. 9.2 %). Furthermore, the fraction 
with boiling point less than 165°C was able to swell the o-rings 30.1%. The 
lower boiling fraction primarily contained single-ring aromatic compounds 
(alkylbenzenes), a small amount of naphthalene, and alkyl phenols, all of which 
are suspected swelling agents. 

Another attempt to identify the species contained in JP-5 that may be 
responsible for swelling was made by conducting switch-loading tests. The 
nitrile o-rings were immersed in a JP-5 fuel where they swelled. They were then 
transferred to a synthetic S-5 fuel where the o-rings subsequently shrunk. It was 
assumed that when the o-rings shrunk, they released a representative 
combination of the components of the JP-5 fuel that they had previously 
absorbed. The aromatic and oxygenate components released into the S-5 fuel 
were then identified using methanol extraction followed by GC/MS analysis. 
The most prominent oxygenates were diethylene glycol monomethyl ether 
(diEGME) and diethylene glycol monobutyl ether (diEGBE). Other species 
detected included naphthalene and two methylnaphthalene isomers. The GC/MS 
chromatogram for the extract is shown in Figure 1. 

Both oxygenates were then tested separately for their ability to promote 
swelling of nitrile o-rings by spiking them at the 1% volume level in the S-5 fuel. 
The data in Table II indicated that both diEGME and diEGBE were relatively 
poor swelling promoters. Others have tested the same compounds using optical 
dilatometry to measure the degree of o-ring swelling and have found a higher 
degree of swelling (9). The reason for the discrepancy is not known, although 
the history of the nitrile rubber may play a role in its susceptibility to swelling. 

The coal-derived jet fuel precursor was characterized using methanol 
extraction followed by GC/MS analysis of the extract to determine the most 
abundant aromatic compounds in the fuel. The results showed that naphthalene 
and naphthalene analogues were present in high concentrations. Naphthalenes 
were also detected in the methanol extract of S-5 fuel that was used in switch-
load testing of o-rings initially immersed in JP-5 fuel (Figure 1). Therefore 
naphthalene and some of its saturated analogues were then tested as swelling 
agents at the 1% level in a synthetic S-5 jet fuel. In the progression from 
diaromatic to dicyclic compounds (naphthalene —> tetralin -* decalin) there was 
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Figure 1. GC/MS analysis of a methanol extract of S-5 fuel from switch-load 
testing of o-rings immersed in JP-5 followed by immersion in S-5. 

Table II. Swelling Results for Nitrile Rubber O-Rings in F-T Jet Fuel (S-5) 
Spiked With Various Organic Compounds 

Fuel Volume Change (%) 
S-5 + 1% diEGME 1.7 ±0.1 
S-5+ 0.5% diEGBE 1.8 ±0.3 
S-5 + 1% (wt) Naphthalene 1.2 ±0.5 
S-5 + 6.4% (wt) Naphthalene 8.0 ±0.6 
S-5 +1% Tetralin 0.9 ±0.1 
S-5 + 1% Decalin 0.8 ±0.1 
S-5 + 1% Propylene Carbonate 1.6 ±0.1 
S-5 + 1% Ethylene Carbonate 1.1 ±0.4 
S-5 + 1% Vinylene Carbonate 1.8 ±0.4 
S-5 + 1% γ-butyrolactone 2.4 ± 0.2 
S-5 +1% ε-caprolactone 4.6 ±0.1 
S-5 + 1% Acetyl-Acetone 2.6 ± 0.3 
S-5 + 1% Allyl Alcohol 6.0 ± 0.3 
S-5 + 1% Tiglic Aldehyde 2.3 ± 0.2 
S-5 + 1% Methyl Vinyl Ketone 2.9 ± 0.3 

NOTE: Values are reported with a 95% confidence interval. 
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a small decrease in the ability of the additives to enhance swelling, although 
none of those compounds worked particularly well at the 1% level. Naphthalene 
began to induce significant swelling near its solubility limit in S-5, but that 
concentration would be unreasonable if it were considered as an additive. 

Based on the work of others (<S), it was decided to further explore the use of 
Hansen Solubility Parameter (HSP) matching to predict which solvents would 
work best at promoting the swelling of nitrile rubber. The solubility parameters 
are part of an approach for predicting polymer solubility based on the theory that 
the cohesive energy of a liquid is comprised of several individual forces. The 
main forces are D (dispersion), Ρ (dipole interactions), and Η (hydrogen 
bonding). Maximum solubility for the polymer is predicted when the D, Ρ and Η 
factor values are similar for the polymer and solvent. The HSP Handbook (70) 
was scanned for solvents whose parameters most closely matched those of nitrile 
rubber. Compounds containing sulfur and nitrogen functionalities were ignored 
because they would likely negate the environmental benefits of using ultra-clean 
F-T fuels. Of the compounds that remained, the best HSP matches were found 
for oxygenates such as organic carbonates and lactones, plus select aldehydes, 
ketones and alcohols. Solubility issues were encountered with some of the 
compounds; specifically with those having a high hydrogen-bonding factor. 
Results are reported in Table II for the compounds that were tested. It can be 
plainly seen that except for the addition of allyl alcohol, there was only minor 
enhancement in nitrile o-ring swelling over that measured with S-5 alone. 

The initial pretext for looking more closely at HSP matching to predict 
which compounds would be most active for o-ring swelling was the excellent 
swelling that was observed for nitrile rubber when phenol was added to S-5 (P). 
Those unreported results were confirmed here. The HSP for phenol is fairly 
close to that for nitrile rubber and therefore it was suggested that the HSP might 
be a good predictor of nitrile solubility (swelling). However the results reported 
above show that HSP matching primarily yielded candidate compounds with 
poor swelling efficiencies once tested. This may be because HSP factors are 
based on the interaction of a single solvent with a single solute. In the case of 
additized fuels interacting with nitrile rubber, multiple compounds are involved 
in solvent-solute and solvent-solvent interactions at the same time. 

Because phenol yielded such favorable swelling results, along with the fact 
that previous analyses of JP-5 fuel indicated that the most abundant oxygenates 
in the fuel were alkylphenols, it was decided to examine other phenol analogues. 
Naphthols were included because they contain both the - O H functionality and 
aromatic or cyclic functionalities, both of which were suspected as being good 
promoters of swelling. The results are reported in Table III. 

Al l the phenol analogues yielded enhanced swelling. The relative degree of 
swelling was lower for two-ring structures and when a tert-butyl group was 
added to the phenol. A greater degree of substitution on the ring also yielded 
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Table III. Swelling Results for Nitrile Rubber O-Rings in F-T Jet Fuel (S-5) 
Spiked With Various Phenol Compounds 

NOTE: Values are reported with a 95% confidence interval. 

progressively poorer results compared to the non-substituted phenol. This 
indicates that steric hindrance brought on by the larger double-ring structures, 
and multiple and larger substitiients to the aromatic ring, outweigh the benefits 
provided hydrogen bonding and other electronic interactions between the phenol 
and isobutyronitrile molecules in determining the ability of the phenol to induce 
swelling. 

Some additional tests were carried out using a combination of additives to 
test whether combining two additives may yield a synergistic effect that would 
result in greater swelling of the nitrile rubber than if either additive acted alone. 
Such an interaction might explain why the fraction of JP-5 that boils below 
165°C is so active in inducing nitrile rubber to swell when the major non-
paraffinic components of that fraction seemingly are poor swelling agents when 
tested individually. The binary additives that were selected for testing were 
combinations of the compound found to be most active for swelling, phenol, and 
either aromatic compounds or allyl alcohol, which was one of the most active for 
swelling out of all the compounds tested. The results reported in Table IV show 
that for the three binary combinations tested, swelling was approximately 
additive based on the swelling properties of the individual compounds and no 
synergistic promotion of swelling was observed. 

A computational modeling study was initiated to determine if such modeling 
could predict what types of compounds would best enhance the swelling of 
nitrile rubber. Computational modeling of the interaction of oxygenated organic 
molecules with the isobutyronitrile monomer, serving as a very simplified model 
for the polymer, indicated that phenols have the greatest potential for o-ring 
swelling. For example the largest calculated interaction energy was for the 1-
naphthol - isobutyronitrile system, Figure 2. For 1-naphthol, the phenolic 
hydrogen is preferentially attracted to the nitrogen atom of the isobutyronitrile 
monomer. While this is the typical interaction seen among the phenols studied, 
1-naphthol also benefits from a geometrically possible interaction of the 
isobutyonitrile methyl group hydrogens with the aromatic pi-electron system on 
both rings of 1-naphthol. 

Fuel Volume Change (%) 
S-5 + l%(wt) Phenol 
S-5 + 1% 1,2,3,4-tetrahydro- 1-naphthol 
S-5 + 1% (wt) 5,6,7,8-tetrahydro-1-naphthol 
S-5 + 1% 2,4-dimethyl Phenol 
S-5 + 1% 2-ethyl Phenol 
S-5 + 1% 2-propyl Phenol 
S-5 + 1% 2-tert-butyl Phenol 

15.4 ± 1.0 
4.6 ±0.0 
7.3 ± 0.4 

12.8 ±0.4 
13.5 ±0.5 
12.0 ±0.2 
8.9 ±0.1 
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Table IV. Swelling Results for Nitrile Rubber O-Rings in F-T Jet Fuel (S-
5) Spiked With Binary Additives 

Fuel Volume Change (%) 
S-5 + 0.5% (wt) Phenol + 1% Tetralin 7.7 ± 0.2 
S-5 + 0.5% (wt) Phenol + 0.5% (wt) Naphthalene 7.7 ± 0.4 
S-5 + 0.5% (wt) Phenol + 1% Allyl Alcohol 13.5 ±0.1 
S-5 + 0.5% (wt) Phenol 7.3 ± 0.4 

NOTE: Values are reported with a 95% confidence interval. 

Figure 2. Combined optimized structure 1-naphthol and isobutyronitrile. D
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The compound predicted to have the second greatest potential for swelling 
nitrile rubber was 2-naphthol. Its optimized interaction with isobutyronitrile is 
shown in Figure 3. The position of the -OH group in 2-naphthol precludes the 
simultaneous occurrence of the phenolic hydrogen-nitrile interaction and the 
much weaker methyl-hydrogen aromatic pi-electron system interaction. 

Figure 3. Combined optimized structure 2-naphthol and isobutyronitrile. 

After the non F-T product phenols, the next strongest interaction energies 
were those calculated for the interactions of esters with isobutyronitrile. Figure 
4 shows the optimized combined structures of the ester methylpropanoate with 
both of the slightly more complex rubber model monomers, cis and trans-2-
methyl-hex-4-ene nitrile. In these cases the binding benefits from interactions 
of the nitrile group with the ester hydrogens, and the ester carboxyl group with 
the nitrile hydrogens. The olefin functionality has only an indirect and slightly 
advantageous effect toward increased binding interaction energies. 

Based on the computational modeling results, additional experiments were 
carried out to measure the swelling of nitrile rubber o-rings in S-5 fuel additized 
with 1-naphthol. The first experiment was done using 0.5% naphthol because 
of its limited solubility in the S-5 fuel. Later, it was discovered that the 
solubility of 1-naphthol could be increased if 1-octanol was added as a co-
additive. The swelling results are presented in Table V. It can be seen that the 
co-additive induced significant swelling of the nitrile rubber o-rings, but that the 
level of swelling was still less than that reported for phenol in Table III. The 
total amount of swelling induced by 1-naphthol when accompanied by the co-
additive 1-octanol was approximately equal to the sum of the amounts of 
swelling measured when the additives were tested individually. 

The last experiment that was carried out based on the computational results 
was one using a biodiesel Β100 fuel to swell the o-rings. The biodiesel fuel is a 
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Figure 4. Combined optimized structures (a) methylpropanoate and cis 2-ethyl-
hex-4-ene nitrile; (b) methylpropanoate and trans 2-methyl-hex-4-ene nitrile. 

Table V. Swelling Results for Nitrile Rubber O-Rings in F-T Jet Fuel (S-5) 
Spiked With 1-Naphthol and 1-Octanol 

Fuel Volume Change (%) 
S-5 + 0.2% (wt) 1-Naphthol 3.3 ±0.1 
S-5 + 1% 1-Octanol 2.5 ± 0.3 
S-5 + 0.5% (wt) 1-Naphthol + 1% 1-Octanol 7.8 ±0.1 
S-5 + 1% (wt) 1-Naphthol + 1% 1-Octanol 13.3 ± 0.6 

NOTE: Values are reported with a 95% confidence interval. 

mixture of mono-alkyl esters of long chain fatty acids. The o-rings were 
immersed directly into pure biodiesel fuel. The measured volume change was 
31.8 ± 0.3%. The o-rings were then switch loaded into S-5 and that fuel was 
then extracted with methanol after the o-rings shrunk. GC/MS analysis of the 
extract showed that the major component of the biodiesel fuel absorbed by the 
o-rings was a C-13 methyl ester. No additional experiments were conducted 
using the C-13 methyl ester as a single additive to S-5 because esters are prone 
to undergo oxidative degradation at jet fuel operating temperatures. 

Conclusions 

Through the use of switch-loading tests and an analytical method based on 
methanol extraction followed by GC/MS analysis, several possible compounds 
were identified for individual testing as possible swelling agents for synthetic 
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fuels in contact with nitrile rubber. Those compounds included naphthalenes 
and alkyl phenols. Another empirical method based on matching of Hansen 
Solubility Parameters also was used to identify additional candidate compounds 
to promote swelling of synthetic fuel. Computational modeling also identified 
additional compounds that should promote nitrile rubber swelling. Of all the 
compounds tested, phenol and its analogues provide the greatest degree of 
swelling per volume of the compound added to the fuel. Steric factors appear to 
limit the ability of the phenol analogues to promote swelling. Based on the 
results for the compounds tested, synergistic interactions between multiple 
additives which would promote swelling above what would be expected from 
simply adding the effects of the individual components do not take place. 
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Chapter 16 

Artificial Neural Network-Aided Catalyst Research 
for Low-Pressure DME Synthesis from Syngas 

Kohji Omata, Sutarto, Masahiko Hashimoto, Gunji Ishiguro, 
Yuhsuke Watanabe, Tetsuo Umegaki, and Muneyoshi Yamada 

Department of Applied Chemistry, Graduate School of Engineering, 
Tohoku University, Aoba 6-6-07, Aramaki, Aoba-ku, Sendai 980-8579, 

Japan 

Artificial neural network (ANN) was applied to screen 
additives of Cu/Zn based catalyst which is effective for high 
activity of methanol synthesis from syngas in one-step DME 
synthesis at low pressure (1-3 MPa) and low temperature (500-
550K). Besides the conventional additives such as A l , Ti and 
V were discovered to be effective additives for high activity of 
methanol synthesis when Cu/Zn based catalyst were prepared 
by oxalate-ethanol co-precipitation method and mixed with γ-
alumina. They were concluded to mitigate the inhibiting effect 
of H2O formed at high CO conversion. ANN was also applied 
for optimization of catalyst composition. The methodology 
comprising of DOE, ANN and grid search, was confirmed to 
be useful and can cope with the catalyst optimization tailored 
for each process situation. 

© 2007 American Chemical Society 211 
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Introduction 

Dimethyl ether (DME), the target product of this study, has many 
advantages when it is used as diesel fuel: sulfur-free, low particulate emission 
and high cetane number. So, it is one of the superior candidates for high-quality 
diesel fuel of next generation, and the world first industrial DME plant for LPG 
alternative fuel started-up in 2003 (/). Besides the large scale process, we 
proposed compact and economic process in order to produce DME from 
dispersed unused carbon resources (2). To reduce much production costs of 
DME in a small-scale process, low pressure-operation and high one-pass 
conversion are required. More specifically, operation under syngas pressure at 
the outlet of reforming reactor (i.e. 5 MPa, or hopefully 1-3 MPa) is desirable in 
order to omit huge booster compressor, and as for the conversion, over 90% 
should be required because recycling loop of unreacted gas can be omitted. 

Because methanol synthesis from syngas (eq.l) is exothermic reaction, 
operation at low temperature (400 - 480 K) is required for 90% CO conversion 
at 1-3 MPa. 

CO + 2H 2->MeOH (1) 

Low-temperature methanol synthesis process was proposed for such high CO 
conversion. In the process, nickel and alkoxide catalyst was applied in liquid 
phase at 373 K, IMPa. 90% CO conversion was reported at the mild conditions 
(5, 4). Unfortunately the alkoxide is not stable with water and carbon dioxide 
and thorough removal of the impurity in syngas is necessary to avoid 
deactivation. Industrialization of the process is not realized by the defect of the 
catalyst. 

On the other hands, operation at 500-550 Κ is possible for 90% CO 
conversion at 1-3 MPa in one-step DME synthesis from syngas (eq.2) where 
hybrid catalyst with Cu-Zn based oxide and solid acid is used, because the 
equilibrium conversion is higher than that of methanol synthesis (eq.l). 

3CO + 3H 2 -»DME + C 0 2 (2) 

At these temperatures, not alkoxide catalyst, but conventional Cu/Zn based 
catalyst could be applied for the process to attain such high CO conversion, 
because some additives to Cu/Zn based catalyst such as A l , Ga, Zr, and Cr 
optimized the surface Cu°/Cu+ ratio to give high methanol synthesis activity (5). 
Furthermore, Cu/Zn based catalysts prepared by an oxalate-ethanol co-
precipitation method shows higher activity than those prepared by alkali co-
precipitation method (6, 7), and thus, novel synergetic additives are expected 
using the novel preparation method. Therefore, we focused on the development 
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of the active Cu-Zn based catalyst prepared by oxalate-ethanol co-precipitation 
method, and screened effective additives for high activity of one-step DME 
synthesis from syngas. 

Combinatorial approach attracts much attention as a successful tool not only 
for material development but also for heterogeneous catalyst development (J-//). 
The approach seems to be effective to optimize the catalyst in a short period. 
Among them, however, high throughput screening (HTS) tool available at high 
pressure reaction is very few (12-13). Recently, ANN has been applied to 
catalyst development through the prediction of catalyst characteristics such as 
activity, selectivity and durability, based on experimental results. Prediction of 
the characteristics of new catalysts or catalyst additives from the 
physicochemical properties of elements would accelerate catalyst development 
(14, 15). We recently succeeded in discovering an effective additive for 
Ni/active carbon catalyst for the carbonylation of methanol based on previous 
experimental results and the physicochemical properties of the additive elements 
(16). We applied ANN to both the screening and the optimization of Cu/Zn 
based catalyst in this study. The combination of ANN and conventional high 
pressure reactor functioned as high pressure HTS reactor. We expect that this 
methodology will contribute to rapid catalyst development. 

Experimental 

Catalyst Preparation 

Cu/Zn/X oxide catalysts were prepared by an oxalate-ethanol co-
precipitation method. Ethanol solutions of nitrate of Cu, Zn and one additive 
were mixed (Cu/Zn/X molar ratio was 65/35/5), and then an ethanol solution of 
oxalic acid was mixed to precipitate the mixed oxalic salts. Only vanadium 
acetyl acetone was solved in a mixed solvent (acetone:methanol =1:1), and it 
was used as V source. Ethanol was removed by vaporization followed by 
calcination in air at 623 Κ for 4 hours. 

Activity Test 

One-step DME synthesis from syngas was conducted. The Cu/Zn based 
catalyst was mixed with γ-alumina granule. The weight ratio of the alumina was 
1.2 times to that of the Cu/Zn based catalyst. The hybrid catalyst was activated 
in-situ in the conventional fixed bed reactor at 0.1 MPa and 523 Κ using reaction 
gas (H2/CO/CO2/N2 = 60/30/5/5). DME synthesis was conducted at 498 Κ, 1 
MPa, W/F= 8 g-cat. h/mol to measure COx (CO and CO2) conversion. The 
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product was analyzed by micro gas chromatograph (Micro-GC, M-200, Agilent 
Technologies, Inc.). In the case of methanol synthesis from syngas, the Cu/Zn 
based catalyst was used at 498 K, 1-3 MPa, W/F= 5-10 g-cat. h/mol. In some 
cases, water was added to the syngas by a cylinder pump at 0-20 mmol/g-cat./h. 
For optimization of Cu/Zn based catalyst, the composition was designed by LI 8 
orthogonal array (77) and the activity test was conducted in 51 line HTS reactor 
similar to 96 line HTS reactor (75, 18). The reaction condition was: 509-548K, 1 
MPa, H 2 / C O / C 0 2 / N 2 = 44/22/30/4. The activity of each catalyst was 
determined using color change of chromium ion in water by the trapped 
methanol as reduction reagent (75, 75). 

Methodology 

Artificial neural networks were applied to correlate physicochemical 
properties of additive X with the activity of Cu/Zn/X catalyst. Among many 
types of ANN, radial basis function network (RBFN) was used because it is 
robust and experimental error-tolerant. STATISTICA Neural Network (version 
6; StatSoft, Inc.) was used for constructing RBFN. Eight elements (B, Re, Nb, 
Cd, Ce, Κ, Sm, Tl) were selected as additives (X), and Cu/Zn/X was prepared by 
ethanol co-precipitation method and tested. Physicochemical property of these 
elements collected from database software (Periodic Table X)(7P) were used as 
input data of RBFN, and experimentally determined activity of Cu/Zn/X 
catalysts were used as output data for training. After training the RBFN 
predicted the effective additives for high activity based on the physicochemical 
property of the additives. In the case of the optimization of catalyst composition, 
ANN was again used to correlate catalyst composition with the activity. 
Orthogonal array was used to design catalyst composition. These catalysts were 
prepared and tested. The catalyst composition was used as input data of RBFN, 
and the catalytic activity was used as output data for training. Then, grid search 
was conducted to find the global maximum of the ANN. The grid search 
program was coded using macro commands of STATISTICA. 

Result and Discussion 

Screening of Effective Additives for One-Step DME Synthesis from Syngas 

In the first step, ANN was applied to screen the most effective additive X 
for high activity based on both the physicochemical properties of element X and 
the activity of Cu/Zn/X catalyst for one-step DME as experimentally determined 
(20). The range and dispersion of physicochemical properties included in the 
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training data were important factors for the precision of the predictions (16, 21). 
In the present study, therefore, 8 elements (B, Re, Nb, Cd, Ce, Κ, Sm, Tl) were 
selected with dispersed properties. The physicochemical properties employed 
were: heat of vaporization (HV, kJ/mol), photoelectric work function (PW, eV), 
covalent radius (CR, pm), ionic radii (IR, pm), first ionization energy (II, eV), 
second ionization energy (21, eV), density (DS, g/cm^), thermal conductivity 
(TC, W/mK) with atomic number (AN). 

After catalytic activity was measured at 1 MPa, 498K, the activity change 
with time on stream was fitted to a generalized power-law equation (GPLE) (22). 
The activity was expressed as: COx conversion = a/ (b + t ) A c + d where t 
(min) is time on stream. Each catalyst was featured by the four parameters, and 
information mining was carried out from the unsteady catalytic activity. This 
kind of parameterization was necessary because a variety of additives were used 
to obtain training data of ANN, and unsteady activity was sometimes obtained. 
The properties of additives and experimental results are summarized in Table I. 
A radial basis function network (RBFN), a type of ANN, was employed to 
correlate the physicochemical properties of the additive element to the activity. 
The experimental result of Cu/Zn/Al was used as validation data. After training, 
validation error of RBFN7-8-4 with one hidden layer was the lowest among 
various kind of RBFNs. Number of nodes in the input layer, hidden layer, and 
output layer of RBFN7-8-4 is 7, 8, and 4, respectively. Seven properties (i.e. AN, 
HV, CR, DS, PW, II, 21) were used for input layer, and IR and TC were not 
included in the RBFN. Then, the periodic table was surveyed to discover the 
effective additives. Using the trained RBFN and the predicted GPLE parameters, 
COx conversion at 500 min time-on-stream was calculated. Cu/Zn/V and 
Cu/Zn/Ti were predicted to be active as "predicted" in Table I. Although the 
experimentally decided activities of both were lower than that of validation data 
(Cu/Zn/Al), and Cu/Zn/Ti showed rather higher activity than predicted as 
"experimental" in Table I, the trained RBFN succeeded in discovering new 
candidates of effective additive. 

For methanol synthesis from syngas, Β and Sc were discovered by 
conventional method as effective additive of Cu/Zn based catalyst (23). On the 
contrary, neither Ti nor V was discovered by the method, and both are not well-
known as additives of Cu/Zn based catalyst for methanol synthesis. Because the 
reaction conditions in both cases are similar (1 MPa, 498K), it suggests that Ti 
and V are specific for DME synthesis. Considering the circumstance of catalyst 
under reaction, our attention was paid to H 2 0 formed by dehydration of 
methanol during the one-step DME synthesis because we already reported that 
addition of H 2 0 retards the activity of methanol formation by Cu/Zn based 
catalyst in a reversible manner (75). Thus it was suggested that Ti and V 
probably mitigate the inhibiting H 2 0 effect. Effect of H 2 0 addition during 
methanol synthesis from syngas at IMPa, 498K was ascertained as shown in 
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Figure 1. The activity of Cu/Zn/Al decreased as the partial pressure of H 2 0 
increased, but the decrease of the activity of Cu/Zn/Ti was gradual. More 
remarkable difference was observed in Cu/Zn/V. While the activity of Cu/Zn/V 
is the lowest among the three catalysts without H 2 0 addition, the activity of 
Cu/Zn/V is much higher under high H 2 0 partial pressure. Clearly V gives high 
tolerance against water to Cu/Zn based catalyst. 

The result suggests that Cu/Zn/V exert its potential activity at high CO 
conversion in one-step DME synthesis because partial pressure of H 2 0 is high at 
high CO conversion. The hypothesis obtained by reaction using H 2 0, was tested 
with one-step DME synthesis under 3 MPa to obtain high CO conversion. As 
shown in Figure 2, the activities of Cu/Zn/Ti and Cu/Zn/V for one-step DME 
synthesis were almost same when they were used alone. On the other hand in 2-
layers experiment where Cu/Zn/Ti was placed in the upper part of the catalyst 
bed and Cu/Zn/V was placed in the lower part, CO conversion was much higher 
although total W/F was identical. CO conversion was probably improved by 
Cu/Zn/V catalyst at the bottom of reactor. 

The circumstance of catalyst bed is usually varied from top to bottom of the 
bed when total conversion is high, and consequently, desired character of 
catalyst is also varied. In one-step DME synthesis, Cu/Zn based catalyst seems to 
be sensitive to the circumstance from this result, and it was suggested that 
optimization is required to correspond with the variety of reaction conditions in 
order to achieve 90% CO conversion at milder conditions. In the next section, 
the methodology will be unveiled to predict the optimum catalyst composition 
for different reaction temperature and will be checked if the predicted optimum 
composition is varied reasonably corresponding with the reaction temperature. 

Optimization of Catalyst Composition of Cu/Zn Based Catalyst for One-
Step D M E Synthesis from Syngas. 

Combinatorial approach attracts much attention as a successful tool for 
heterogeneous catalyst development. We first developed high pressure HTS 
reactor with 12 lines as a combinatorial tool (24). Home-made genetic algorithm 
(GA) program was then used with HTS reactor to find the optimum catalyst 
composition (25, 26). In our GA program, gene, fitness and environment were 
catalyst (presented by binary code), activity, and reaction conditions, 
respectively. In the next stage, an artificial neural network (ANN) was 
introduced for activity mapping (7*, 27-30) in order to reduce laborious 
experimental steps to evaluate the fitness of gene. After ANN is trained by the 
initial experimental results, it can evaluate the fitness of gene in a GA program 
instead of experiments at every generation. Many successful results in solid 
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Figure 1. Effect of Al, Ti and V addition on MeOH synthesis at 1 MPa, 498K. 
W/F=8 gh/mol (dry base). 
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Cu/Zn/Ti Cu/Zn/V 2-layers 

Figure!. Effect of layered catalyst bed at 3 MPa, 498K. W/F=10 gh/mol. 0.8g 
Cu/Zn based catalyst and l.2g y-A^Oj were mixed. 

2-layers: Upper(Cu/Zn/Ti)=0.6g and 0.9 g γ-Α^Ο^, 
lower(Cu/Zn/V)=0.2 g, 0.3g γ-Α^Ο^ 
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catalyst development using similar methodology (HTS + ANN + GA), were also 
reported and reviewed (31-33). 

One possible bottle neck of our optimization method was the training of 
ANN. Random parameters for catalyst were used in these our early experiments 
to obtain training data for ANN because such dispersed data were thought to 
give better ANNs. However, rather large numbers of dataset were necessary in 
this method, and additional data were sometimes required for re-training of ANN 
for more precise prediction. A better and well-designed dataset for effective 
training of ANN was necessary. The statistical design of experiment (DOE) was 
applied to find important factors among catalyst composition, preparation 
parameters and reaction conditions (34-37). The quantitative influence of the 
parameter was often estimated using a polynomial model and a regression 
technique (36). Especially the orthogonal array can reduce the number of 
necessary experiments, while maximizing the amount of information derived 
from the reduced experiment set. Such arranged datasets seems suitable for ANN 
training (36-40) and the resulting ANN gave good predictions. The more precise 
prediction is of cause possible by ANN trained by large amount of dataset when 
HTS is available. Such integrated methodology (41) is attractive for rapid 
catalyst development. 

Another drawback was a criterion of convergence by GA. It is intrinsically 
difficult or impossible to verify the goal of optimization by GA. In fact 
fluctuation of maximum value and that of dispersion of catalyst composition are 
main indexes for the convergence. Instead of GA, therefore, more 
straightforward method was applied. It is so-called "grid search" (GS): all the 
activities of all possible combination of catalyst component were predicted by 
ANN. The global optimum on the ANN was found rapidly with the assistance of 
GS (75, 25, 39, 40, 42- 44). 

The finally obtained methodology (DOE + HTS + ANN + GS) was used to 
find the optimum catalyst compositions of Cu/Zn based catalyst at different 
reaction temperature. In Table II experimental design using a part of L 1 8 

orthogonal array is summarized. For each factor (catalyst element) three level of 
relative amount was set up as shown at the bottom of the table, and catalyst 
composition was determined according to the array. For example in No.8 
experiment, Cu:Zn:Al:Ti:Nb:V:Cr = 3:2:3:2:1:3:1 (level) = 120:30:40:15:0:30:0 
(molar ratio) = 51.1:12.8:17.0:6.4:0.0:12.8:0.0 (mol%). The catalyst with this 
composition was prepared by oxalate-ethanol method and the activity test was 
conducted in HTS reactor in Figure 3, where product MeOH was guided through 
capillary tube to water trap and the each amount was determined by color 
reaction (75). Activity was indicated as space time yield (STY; g-MeOH/kg-
cat./h) in Table II for each reaction temperature. Because the information on 
relative activity was important for optimization of catalyst composition, STY 
data at 519K was used without correction although it was rather lower than 
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expected. Total 18 experimental results were used for the training of RBFN7-
18-1 for each reaction temperature, and the resulting 5 RBFNs were used for 
grid search in order to find the optimum catalyst composition. The compositions 
are illustrated in Fig. 4. V was not included in the optimum composition 
probably because of the low CO conversion in the HTS reactor. Clear tendency, 
including the result at 519K, that Cu content is decreased at higher temperature 
was observed, and instead, the amount of additives such as Ti and Nb was 
increased. 

Such a stimulating result was obtained using only 5 experimental HTS runs. 
However, as shown symbolically in V content, the reaction conditions of HTS 
to accumulate the training data of ANN are very important: ANN will learn 
exactly the result under the reaction conditions. If catalyst for high CO 
conversion were necessary, experiments should have been done under such a 
reaction conditions to give high CO conversion. 

Figure 3. High pressure HTS reactor (51 lines). 

Conclusions 

Artificial neural network (ANN) was applied to screen effective additives of 
Cu/Zn based catalyst with γ-alumina for high activity in one-step DME synthesis 
from syngas at 1 MPa, 498K. Physicochemical properties of additive X were 
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Figure 4. Predicted optimum catalyst composition for each temperature at IMPa. 

correlated with the activity of Cu/Zn/X catalyst through ANN training, and the 
trained A N N predicted that Ti and V are effective. Experimentally Cu/Zn/V 
showed the highest activity for MeOH synthesis from syngas containing large 
amount of H 2 0 . These additives were concluded to mitigate the inhibiting effect 
of H 2 0 which will be pronounced at high CO conversion in one-step DME 
synthesis. ANN was also applied for optimization of catalyst composition. The 
methodology comprising of design of experiment, HTS, ANN, and grid search 
was confirmed to cope quite rapidly and sensitively with the catalyst 
optimization tailored for each process situation. 
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Chapter 17 

Slurry Bubble Column Reactor Optimization 

Isaac K. Gamwo1, Dimitri Gidaspow2, and Jonghwun Jung3 

1Computational Science Division, National Energy Technology Laboratory, 
U.S. Department of Energy, P.O. Box 10940, Pittsburgh, PA 15236 

2Department of Chemical and Environmental Engineering, Illinois Institute 
of Technology, Chicago, IL 60616 

3Mathematics and Computer Science Division, Argonne National 
Laboratory, 9700 South Cass Avenue, Argonne, IL 60439 

Slurry bubble column reactors (SBCR) are the preferred 
contactors for the conversion of syngas to fuels and chemicals 
partially due to their superior heat and mass transfer 
characteristics. The multiphase fluid dynamics in these systems 
greatly affect the reactor volumetric productivity. Here, we 
have developed a computational fluid dynamics (CFD) -
assisted design methodology for searching the optimum 
particle size for maximum production in a SBCR. Reactor 
optimization due to heat exchanger configuration was also 
investigated. We have rearranged the heat exchangers in a 
SBCR and constructed a CFD model for a baffled reactor. The 
novel arrangement of the exchangers prevents the unfavorable 
high catalysts concentration at the lower stage of the reactor. 
Thus an optimum catalyst concentration is maintained during 
the course of the production of liquid fuels. 

© 2007 American Chemical Society 225 
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Introduction 

Slurry bubble columns are mass transfer and reaction devices in which 
gases enter at the bottom through a distributor as shown in Figure 1, then reacts 
on catalytic particles suspended in an inert liquid phase. The application of these 
reactors is of increasing importance in the petroleum and other industries. They 
have excellent mass and heat transfer characteristics for removal of the heat 
given off by exothermic reactions and the ability to replace catalyst easily. L-S 
Fan has given a thorough review of gas-liquid-solid fluidizations (/). An 
industrial review of gas-liquid-solid reactor development was given by Tarmy 
and Coulaloglou (2). Slurry bubble column reactors (SBCR) have recently 
become competitive with traditional fixed bed reactors for converting synthesis 
gas into liquid fuels (5). Major oil companies are gearing up to build SBCR to 
utilize natural gas located in remote areas of the world and to convert it to 
paraffin wax which will be upgraded to gasoline and Diesel fuels (4, 5). Stiegel 
(6) and Heydorn et al (7) published an excellent review of the Department of 
Energy (DOE) Research in Fischer-Tropsch technology and liquid phase 
methanol processes. They described the advantages of the slurry-phase reactor 
over the fixed bed reactor. 

Early SBCR models were reviewed by Ramachandran and Chaudhari (8) 
and by Deckwer (9). They require hold-up correlations as an input and do not 
compute flow patterns. The most complete and useful of these models applied to 
the Fischer-Tropsch (F-T) conversion of synthesis gas in a SBCR is that of 
Prakash and Bendale (70). They sized commercial SBCR for DOE. They gave 
syngas conversion and production as a function of temperature, pressure and 
space velocity. Input parameters with considerable uncertainty that influenced 
production rates were the gas hold-up, the mass transfer coefficient and the 
dispersion coefficient. Krishna's group (77) extended such a model to compute 
product distribution using a product selectivity model. Air Products working 
with Dudukovic measured dispersion coefficients needed as an input into such 
model. The problem with this approach is that the dispersion coefficients are not 
constant. They are a function of the local hydrodynamics. 

The multiphase computational fluid dynamics (CFD) approach does not 
require dispersion coefficients as an input. Hold-up and flow patterns are 
computed. The Dudukovic group is using the CFD approach to compute gas-
liquid flow using Los Alamos CFDLIB code (72) with a viscosity as an input 
and are working on liquid-solid flow (73), but have no models or codes for 
SBCR. The L.S. Fan group built a unique high pressure bubble column and 
developed Particle Image Velocity (PIV) and other techniques useful for 
multiphase measurements. Y. T. Shah's group (14) and Rentech Inc. 
(http://www.rentechinc.com) are using the k-epsilon turbulence model in their 
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CFD approach. This model has too many unknown parameters when applied to 
multiphase flow. The kind of model used by Dudukovic group (72) computed 
the Reynolds stresses in agreement with measurements done in L.S. Fan's 
laboratory. In the Matonis et al (75) paper we show our capability to compute 
turbulence in a slurry bubble column in the churn-turbulent regime in agreement 
with our measurements. 

Bukur's group (76) have used an autoclave reactor to obtain F-T kinetic data 
and improve catalysts. 

Although considerable advances have been made both in understanding the 
basic aspects of slurry bubble column reactors (SBCR) and in developing 
rational design procedures, computational fluid dynamics (CFD) - assisted 
design methodology for reactor optimization is sparse. 

Here, we have developed an algorithm for computing the optimum particle 
size for maximum production in a SBCR based on computational fluid dynamics 
(CFD) models. Reactor optimization due to heat exchanger configuration was 
also investigated. We have rearranged the heat exchangers in a SBCR and 
constructed a CFD model for a baffled reactor in the upper portion of the reactor. 
The baffle arrangement of the heat exchangers prevents the mixing of the 
catalyst from the upper stage allowing continued operation of the reactor with a 
high concentration in the upper stage. Thus an optimum catalyst concentration is 
maintained during the course of the production of liquid fuels. 

Slurry-Phase Reactor Vs Fixed-Bed Reactor 

In a typical fixed-bed synthesis reactor (Figure la), the catalyst is packed 
into about 10,000 one-inch (2.5 cm) tubes, and the synthesis gas is sent through 
this array of tubes. The tubes are water-cooled, and much of the heat given off 
by the reactor is captured as process steam. However, heat transfer within the 
packed tubes is poor, and if a low H2-to-CO synthesis gas were used, carbon 
would be deposited on the catalyst surfaces, resulting in severe catalyst 
deactivation and loss of operability. 

In contrast to the fixed-bed reactor, the slurry-phase reactor (Figure lb) is 
relatively simple. Basically, a finely divided catalyst is suspended in a liquid. For 
F-T synthesis, this liquid is a waxy portion of the product. The reactant gases are 
bubbled through the catalyst slurry and react on the surface of the catalyst to 
produce the desired product. The use of finely divided catalysts ensures high 
rates of reaction that result in a large amount of product per unit of reactor 
volume per unit of time. The presence of the liquid and the turbulence caused 
by the gas flow allow the effective removal of heat from the surface of 
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the catalyst. Therefore, higher rates of reaction and greater conversion can be 
achieved. 

In the slurry-phase reactor, the gas flow keeps the catalyst slurry well mixed. 
The heat given off by the reaction is recovered as steam through a heat 
exchanger embedded in the reactor volume. Moreover, the total heat exchanger 
tube area is only a small fraction of the tube area of a fixed-bed reactor for F-T 
synthesis. This excellent ability to remove the heat given off by the exothermic 
reaction prevents carbon from being deposited on catalyst surface, thereby 
reducing catalyst deactivation when low H2-to-CO synthesis gas is used. These 
are the advantages of slurry-phase reactors. 

The major uncertainty about using slurry-phase reactors (Figure 2) for F-T 
synthesis involves fluid flow and heat transfer characteristics in the reactor. 
DOE's slurry-phase reactor research effort will obtain hydrodynamics, heat 
transfer, and mass transfer data needed to properly design slurry-phase reactors. 
Optimization of slurry-phase reactor operation may require a number of process 
modifications, including changes in (1) reactor configuration to improve mixing, 
heat transfer, or vapor-liquid separation of the products; (2) catalyst particle size 
distribution or surface properties to reduce settling or to increase the 
concentration of catalyst within the reactor; and (3) the liquid composition in the 
reactor to allow for higher gas velocity or better heat transfer. 

Flow Regimes 

In bubble column reactors the hydrodynamics, transport and mixing 
properties such as pressure drop, holdup of various phases, fluid-fluid interfacial 
areas, and interphase mass and heat transfer coefficients depend strongly on the 
prevailing flow regime. Shah et al (17) have reviewed the criteria that 
characterize the upward movement of the bubble swarms into three separate flow 
regimes. The regimes are identified depending on the increasing gas flow rate 
and column diameter. The main difference between these regimes is the bubble 
size distribution as summarized in Figure 3. These flow regimes are useful for 
the empirical correlations. 

• Homogeneous flow or dispersed bubbles: This regime is characterized by 
almost uniformly sized bubbles with equal radial distribution. This regime 
occurs if the superficial gas velocity is less than O.OSm/s and the rise 
velocity of the bubbles lies between 0.18 and 0.30 m/s. The theory of 
bubbly flow was developed by several investigators. The theory fails if 
significant mass transfer occurs in the column. Using stagnant bubble 
clouds in a flowing liquid, the bubble flow regime can be realized up to gas 
holdup of 66%, whereas in the usual arrangement with almost stagnant 
liquid the bubbly flow theory fails of the gas holdup is larger than about 
15%. 
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Figure 1. Reactor used for Fischer-Tropsch synthesis: (a)fixed bed reactor, 
(b) slurry phase reactor 

Figure 2. DOE-owned Alternative Fuels Development Unit (AFDU) atLaporte, 
Texas: Fischer-Tropsch (left) and methanol (right) process (reference 7). 
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Figure 3. Flow regimes and bubble formation in a bubble column reactor and 
bubble formation (references 17, 18). 
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• Heterogeneous (churn turbulent) flow or coalesced bubbles: At higher gas 
velocities the homogeneous gas-in- liquid dispersion cannot be maintained 
and an unsteady flow pattern with channeling occurs. This heterogeneous 
flow regime is characterized by large bubbles moving with high rise 
velocities in the presence of small bubbles. The large bubbles take the form 
of spherical caps with a very mobile and flexible interface. These large 
bubbles can grow up to a diameter of about 0.15 m. 

• Slug flow: In small diameter columns, at high gas flow rates, large bubbles 
are stabilized by the column wall leading to the formation of bubbles slugs. 
Bubble slugs can be observed in columns of diameters up to 0.15 m. 

The type of sparger used, physico-chemical properties of liquid, the liquid 
velocity can also affect the transition between the flow regimes. The boundaries 
between the different flow regimes shown in Figure 3 are only approximate. 

The bubble coalescence criterion (Figure 3) using the propagation velocity 
was developed by Gidaspow (18). The void propagation equation in one 
dimension was derived from the continuity equations. The propagation velocity 
(C) in coalesced bubble regime becomes as follows: 

^mixture 150^mixture 

In dispersed bubble regime 

C = bpgdLbie (2) 
18// 

Traditional Approach using Hold-up and Correlations 

Prakash and Bendale (10) have undertaken an extensive literature search on 
gas holdup and dispersion correlations in slurry bubble column reactors. They 
tested various correlations for the estimation of gas holdup against experimental 
data and found that the average absolute relative error varied from 12 to 165%. 
These large errors are primarily due to the fact that literature correlations for gas 
holdup are based on constant gas velocity along the column height. In reality, 
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gas velocity decreases significantly along the reactor height due to decrease in 
moles of products for methanol synthesis. The computational fluid dynamic 
approach describes in this chapter include the effect of decreasing gas velocity 
on gas holdup and other hydrodynamic parameters. 

Computational Fluid Dynamics Approach 

The hydrodynamic approach to multiphase flow systems is based on the 
principles of mass conservation, momentum balance and energy conservation for 
each phase (18). The kinetic theory based multiphase CFD model that describes 
the hydrodynamics of SBCR was developed (19, 20). This model includes the 
complete granular temperature balance based on the kinetic theory of granular 
flow. Stuart Savage and others (21, 22) showed that the dense-phase kinetic 
theory, as presented by Chapman and Cowling (23), can be applied to granular 
flow of particles. Gidaspow (18, 24) has reviewed this theory. This model 
treated the particle phase as another fluid with its own temperature, called the 
granular temperature, its own pressure due to particle collision and its own 
viscosity. The granular temperature, which is like the thermal temperature in 
kinetic theory of gases, measures the random oscillations of particles. The 
particle pressure and the particle viscosity are a function of the granular 
temperature, which varies with time and position in a fluidized bed. The CFD 
model is summarized in Table 1. Gamwo et al (20) have provided detailed 
nomenclature of the model. In the approach of Ahmadi and Ma (25) and Cao and 
Ahmadi (26), a fluctuating kinetic energy balance (Eq. Τ17) is written for each 
phase. For the gas-solid system they find the reasonable result that the 
fluctuating velocity of particles is the same as that of the fluid. This assumption 
was made in this study. Hence only the equation for the granular temperature of 
the particles is needed. Constitutive equations for solids pressure and viscosity, 
and drag coefficients were described in Gidaspow's book (18) and in Gamwo, et 
al (20). 

The reactions and solubilities were given in the Viking report (10). The 
detailed reactions and mass transfer for methanol production in the LaPorte pilot 
plant were described by Gamwo, et al (20). 

Reactions: 

A review of the literature showed that the following chemical reactions are 
accepted for production of methanol from syn-gas. The reactions included are 
methanol production from hydrogen and CO, water gas shift reaction, and the 
production of methanol from C02-hydrogenation. 
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CO + 2H2 <-> CH3OH 
C02 + H2 <-> CO + H20 ( 3 ) 

C02 + 3H2 <-> CH.OH + H20 

Graaf et al (27,28) developed the reaction rate for methanol synthesis in gas-
catalyst phases and extended it to three phase methanol synthesis using gas-
liquid solubilities in thermodynamical equilibrium described by Henry's law. 
The rates for the three reactions (IX = 3) in liquid phase are given by equations 
T12 and T13. Where, otijx represents the stoichiometric coefficient ofyjcth species 
in the ith reaction of liquid phase and M j x represents the molecular weight of yxth 

II 

species, (mol/Kgcatsec) is the rate of reaction on catalyst surface for three 
reactions. 

^ps,A3^CO ̂ Çœ^Hl CcH30H ^H2 ^Cl )) xps,A3n'COX^CO~H2 ~CH3QH ' \^H2"C\JJ /A) 
'CH30H.A3 ~ I γ c V 1 / 2 l k ^ ) r ) 

+ kC0CC0 + kC02CC02Jf!H2 +(£//2o/^//2 )PH2O) 
= r, co, Β 2 

(5) 

_ kps,C3^CQ2iÇc02^H22 ^CH30H^H2Q ^H2 ^ C 3 )) _ » ί(Λ 
rCH30H£3 ~ /. c c \CV2 I,* /k*U2)C ) _ 

Y^KCO^CO^K'C02^C02f^H2 ^\ΤΗ20 ' *H2 J^H20J 

where, chemical equilibrium constants are 

r 12601 η ( -33760) 

Kri =1.72xl0"16^ RT Κ Kr, = 5.81x10^ RT Κ ΚΓ.=ΚΓΛχΚ„ (7) 

Reaction rate constants are 
(=&2) f-213130) r - | 3 4 2 5 x 

* ^ - 1 . 6 6 x 1 0 ^ R T J , ^ = 7 . 2 1 x 1 0 ' ^ > , * ; > C 3 = 8.52x 10 "^~*H , 
(21111} (34053) 

k'co =9.01xlO-V RT Κ k?C0l = 3.15xl0"V RT Κ 
| Ί 03030) 

* ™ = 2 . 7 1 χ I0"V R T J (8) 

CjX (mol/m3) is the bulk concentration of the jxùi species in the liquid phase and 
R is the gas constant of 8.314 (J/mol-K). 
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Table.l Hydrodynamic kinetic theory model for SBCR 

Conservation of Mass for Each Phase 
Gas phase: 

â(vO+v-(w<)=A ( T 1 ) 

Liquid and solid phase: (k = /, s) 

4:(skPk)+V · {skpkvk ) = mk (T2) 
ot 

Ν 
where m^e^M'Rj, mg =-mn ms = 0, ^ is the rate of mass transfer 

j 
between phases. 

Momentum Equations 
Gas phase: 

-^(s

gPg

v

g)+^(£

gPg

v

g

v

g)=£

gPg

F

g

 + Z / U v * " V J 
U l m=l,s 

+ V K J + ^ (T3) 
Liquid and solid phase: (* = /, s) 
Q 
-ri?kPkvk)+V · ( * * / W , ) = *kPkFk + Σ A » ( v » ~ v * ) 

+ ν · [ τ , ] + / « Λ (T4) 

Energy Equations 
Gas phase: 

+ + ΣΚν»-Tg) + Pm{vm-vg)2 

"•=<·* (T5) 
Liquid and solid phase: (k = I, s) 

UetPtHt)+V- {ekPkHkvk ) = V · {kk WTk )+ £ rt 

+ Α*(Τ,-Γ 4 )+ Z ^ ( v m - v J 2 + / « , / / g 
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Table 1. Continued. 

Fluctuating Energy Equation for the Particles: (k = s) 

jt^kPkek) + V-{ekPkekvk) = ν · ( Λ Γ λ ν ^ ) - η + Φ * (T7) 

Shear stresses: 
Constitutive Equations 

= l,s 

Gas-solid heat transfer: (Gunn's model) 

Nu, = |(2 + 5 f f ^ l + 0.7Reî ï Pr* j + ^ + l ^ j l t e * 7 Pr 

N _ΚΛ ρ _ C'.Pi s = 6£j_ 

*; ' **° ' 4 
Reactions, Kinetics and Mass Transfer 

Gas phase species balances: 

f ( w i )+v · (w&)= 
Liquid phase species balances: 

Reactions of /xth species of liquid phase : 

Where rix = - ^ _ . ^ ( _ ^ - ) 
" 1.0x10* cm3 sec 

Mass transfer between gas and liquid: 

«Ρ* 

where * A = * , * , 4 Τ ' - c j x - ^ i - ^ - ) 
10 cm-sec 

(T8) 

(T9) 

(T10) 

(Ti l ) 

(T12) 

(T13) 

(T14) 

(T15) 

(T16) 
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Mass Transfer: 

The rate of mass transfer was given by equation Τ14. Mass transfer 
between gas phase and liquid phase (Eq. Τ16) was only considered in this study. 
Mass transfer rate (Eq. Τ15) between gas phase and liquid phase can be 
expressed in terms of the volumetric mass transfer coefficient and the 
concentration difference between gas-liquid interface phase and liquid phase. 
Where, kta (sec"1) is the volumetric mass transfer coefficient and (J'l

ix is the 
concentration of the yxth species at gas-liquid interface phase which can be 
defined by Henry's law. The fugacity of a very dilute species in a liquid phase is 
linearly proportional to its mole fraction at low mole fractions. 

fJX = Hjxq;'(moVm3) (9) 

In gas-liquid phase equilibrium, the fugacity of liquid phase can be the 
fugacity of gas phase defined by partial pressure of species in the gas phase. 

/ ^ ^ ( b a r ) (10) 

where, fjx (bar) is the Fugacity of the jbrfh species, y'jX is the mole fraction of yxth 
species and Hjx (bar-mVmol) is the Henry's constant of the yxth species used by 
Graafet al (27, 28). 

f-6947) 

Hco =0.175^ RTK HC02 =0.402^ RT Κ HH2 = 0.0782^* r > 

(-8633) (-17235) 

H„,n =0.330^ RT Κ HCH20H = l W RT j (11) 

Recent Experimental Hydrodynamic Measurements 

Tartan and Gidaspow (29) have recently developed an experimental kinetic 
theory based particle image velocity technique for measuring particle and 
Reynolds stresses in gas-solid risers. They have shown that for gas-solid flow 
that are two types of turbulence in the risers: random oscillations of the 
individual particles and oscillations of clusters measured by the Reynolds 
stresses of the particles. Earlier Mudde et al (30) have obtained similar 
measurements for bubble columns. Pan et al (12) have compared Mudde et al 
(30) experiments to simulations using the Los Alamos CFD code. Figure 4 
shows typical Reynolds stress computations to the experiments. 
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Figure 5 shows an example of the simulations based on the Bahary's (31) 
experimental data in the IIT slurry bubble column. The instantaneous particle 
velocity fluctuates upward and downward as visually confirmed in the 
experiment. There is more vigorous fluctuation of particles in the center region. 
This flow structure due to fluctuating particle velocity causes the particle 
concentration to be uniform throughout the bed. Hence it gives good mixing in 
the slurry bubble column. The flow patterns agree with the literatures (32, 18). 
Two distinct bubbles seen in the middle of the bed were captured, as the relative 
higher velocity in the simulations. This CFD simulation was employed to 
compute the Reynolds stresses and the granular-like temperature to IIT 
experimental data. Matonis et al (75) and Jung (33) showed the reasonable 
computational results, in agreement with experimental results. The granular-like 
temperature was calculated from time-average Reynolds normal stresses 
measured by the particle image velocity technique. 

1 — 1 - 7 - r 1 
Q . ... = — ν V H V V H—ν ν (12) 
^ granular-like ^ χ y ^ y y ^ z 2 

Optimization using Computational Fluid Dynamics 

The more advanced model of Wu and Gidapow (19) is used to explore 
novel reactor designs: optimum catalyst size and reactor configuration. The 
model included the effect of the mass transfer coefficient between the liquid 
phase and the gas phase and the water-gas shift reaction. With reaction, this 
model was used to predict slurry height, gas hold-up and the rate of methanol 
production of the Air Products/DOE LaPorte slurry bubble column reactor. 

An issue of interest to the energy industries throughout the world is the size 
of catalyst they should make for SBCR (5, 34). Catalyst particles as a powder 
form used in most fluidized bed process are small enough for external mass 
transfer and internal diffusion resistance to be negligible. The size of the catalyst 
is typically in the range of 20pm to 120pm (35, 36, and 37). Small particle sizes 
are needed to have good effectiveness for reaction. However, small particles are 
entrained in the product gas stream and are known to cause liquid product 
filtration problems. Small particles also cause the formation of the clusters, 
which give large effective particle sizes and hence poor mass transfer. Here we 
have applied the mathematical model for gas-liquid-solid flows to determine the 
optimum particle size, which is the size that has the maximum granular 
temperature, similar to the experiments for gas-solid systems done at EXXON 
(38). For this particle size, the heat and the mass transfer coefficients have the 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
01

7

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



238 

.0 

2x/w 

Figure 4. Time-averaged profiles of turbulence intensities, <u 'u '> and <v V '>, 
and Reynolds shear stress, <u V '>, for the middle section of 15 cm bubble 
column at Usup = / cm/s. (Reproduced with permission from reference 12. 

Copyright 2000.) 
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highest values. In this model the mass transfer coefficient is an input. We have 
related the mass transfer coefficient to the fluctuating velocities (granular 
temperature) computed by the hydrodynamic model. 

SBCR, such as those used to produce methanol and other liquids from 
synthesis gas, normally have a high catalyst concentration at the bottom of the 
reactor, when there is no liquid recirculation. M . Chang and C A . Coulaloglu 
(39) of EXXON describe the disadvantages of such a catalyst distribution and 
suggest an improvement. Wu and Gidaspow (19) developed a CFD model for 
such process and compared the CFD results to the La Porte pilot plant methanol 
production runs. The CFD results show the unfavorable high solids 
concentration at the bottom of the reactor. Here we have rearranged the heat 
exchangers in the La Porte unit and constructed a CFD model for a baffled 
reactor that has a higher concentration of the catalyst in the upper portion of the 
reactor (40). 

Optimum Catalyst Size 

Mass transfer coefficient was estimated from a relationship between the 
fundamental equations of the boundary layers and the turbulent kinetic energy of 
particles (granular temperature) computed by the hydrodynamic model with no 
reaction (20). We have varied the particle size from 20 pm to 100 pm and 
discovered a maximum in the granular temperature (Figure 6). For the particles 
over this range, the mass transfer coefficient has the highest values (20). The 
maximum granular-like temperature is at 60pm between 50 pm and 75pm, with a 
solid loading of about 10%. It agrees well with the experimental results of 
Cody's study (38) for gas-solid bubbling bed. They showed that Geldart A glass 
spheres exhibit an order magnitude higher granular temperature than neighboring 
Geldart Β glass spheres based on the experiments in a gas-solid bubbling bed. 

Gamwo et al (20) also estimated the effective particle diameter from the 
coagulation theory (41). The volumetric mass transfer coefficient based on this 
effective particle diameter shown in Figure 7 has a maximum value near the 
particle diameter of 50 pm. It may be larger than the estimated value due to non-
spherical particle effects or electrical forces. As pointed out previously, small 
particles cause the formation of the clusters, which give large effective particle 
sizes and hence poor mass transfer. Large particles, Geldart Β particles, have 
very low mass transfer coefficients and hence poor production rate. Our results 
show a good agreement with that of a slurry bubble column reactor in the Viking 
Systems International Report given by Prakash and Bendale (70). 

A search for an optimum catalyst size was carried out for methanol synthesis 
in the DOE Laporte SBCR using the complete kinetic theory model of granular 
flow. Figure 8 show an example for the optimization of slurry-phase reactor 
operation based on LaPorte SBCR. The mole fraction of methanol and 
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Figure 5. Three-dimensionsal simulation for 800 μτη particles with a viscosity 
input model in the IIT slurry bubble column with a 5 cm width: (a) 

instantaneous particle velocity vector plots and solid volume fractions (color 
bar) at 25 s, and (b) time-averaged particle velocity at the center (c) near the 

wall from 15 to 36 s. (VL=2.02cm/s, VG=3.37cm/s) 
(See page 1 of color inserts.) 
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Center of the width (z = 2.5 cm) 

i 3 

1 
ι 
Φ ο 
ο 
Έ 
α. -1 

(b) 

• • • • Bubble formation 

5 10 15 20 25 30 

Lateral Distance (cm) 

-2.0 
Near the wall 

-5.0 
5 10 15 20 25 30 

Lateral Distance (cm) 

Figure 5. Continued. 
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500 

40 60 80 

Particle size (pm) 
120 

Figure 6. Optimum particle size for mixing (maximum granular-like temperature) 
in the IIT slurry bubble column. (VL=2.02cm/sec, VG-3.37cm/sec) 

1 10 100 1000 10000 

Particle Diameter (pm) 

Figure 7. Volumetric mass transfer coefficient based on effective particle 
diameter using coagulation theory. 
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Syn-gas composition (CQ-rich) 
CO C Q 2 H 2 C H 3 O H H 2 Q N 2 Wax 

M o l % 51.00 13.00 35.00 0.0 0.0 1.00 0.0 
Wt% 68.07 27.26 3.34 0.0 0.0 1.33 0.0 

Figure 8. The SBCR with preferred heat exchanger arrangement and catalyst 
particle size, and system properties for simulations. 
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water in the liquid phases for the LaPorte SBCR are shown in Figure 9. The 
product water concentration is small, since we assumed the inlet synthesis gas 
was dry. With the water gas shift reaction, the ratio of H 2 to CO is 0.5 due to 
chemical equilibrium in the liquid phase of the simulation. 

Figure 10 shows a comparison of the computed granular temperature and 
solid viscosity to experimental data for 45 pm Air Products methanol catalyst 
particles (42). The average computed granular temperature for the LaPorte 
SBCR was around 30 cm2/sec (20). It was close to that measured in the slimy 
bubble column at IIT. The average computed catalyst viscosity was close to 1 cp. 
It was much higher around the heat exchanger tubes due to the higher granular 
temperature at this location. The mixing in the reactor was very good. 

Figure 11 shows the effect of the volumetric mass transfer coefficient 
estimated by the simulation in SBCR without liquid circulation. Methanol 
production increases 6.5 mol/kgcathr for the volumetric mass transfer 
coefficient of 0.75 and then the methanol production is no longer limited by 
volumetric mass transfer coefficient. This trend matched with that given in the 
Viking (10) report. The estimated volumetric mass transfer coefficient has a 
good agreement with experimental values shown in literatures (10, 43, and 44). 

Figure 12 shows the methanol production for five different catalyst sizes. 
For 75 microns, the production has increased, then decreases substantially for 
100 microns. Hence the optimum particle size is about 70 microns. This agrees 
with the previous simulations of about 60 microns for the case of no reaction. 

Reactor Optimization due to Heat Exchanger Configuration 

In the present La Porte reactor (Figure 2) the basic flow pattern is an upflow 
at the center and downflow at the walls. This type of a flow pattern mixes the 
product with the reactants at the bottom of the reactor and causes poorer 
production of products. 

The heat exchangers in the Air Products/DOE La Porte SBCR were 
rearranged as shown in Figure 8 (40). At start up the solids concentration at the 
bottom of the reactor was assumed to be high, close to the minimum fluidization 
concentration. When the gas flow was turned on the initially high solids 
concentration flowed into the upper portion of the reactor. The continued flow of 
the reactant gas prevented the return of the catalyst into the lower stage. A CFD 
video of the simulation shows these phenomena (Figure 13). In this new 
arrangement the conversion to products (8.7 mol/kgcathr) is higher than in the 
La Porte unit, because there is more catalyst in the region of decreased reactant 
concentration. The baffled arrangement of the heat exchangers prevents the 
mixing of the catalyst from the upper stage, allowing continued operation of the 
reactor with a high concentration in the upper stage. Thus an optimum catalyst 
concentration is maintained during the course of the production of the liquid fuels. 
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Figure 9. Computed mole fraction of (a) methanol and (b) water in the liquid phase 
at 30 s in the simulation of LaPorte's methanol synthesis using the kinetic theory. 

(See page 2 of color inserts.) 
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Figure 10. Calculated (a) granular temperature and (b) solid viscosity 
compared to experimental data for 45 pm Air Products methanol catalyst 

particles measured in IIT's slurry bubble column. (Reference 41) 
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8.0 

0.0 

• Gamwo et al 

-A- - Prakash and Bendale 

1100 

1050 K 

1000 * 
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950 g 

900 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Volumetric Mass Transfer Coefficient (s*1) 

Figure 11. Comparison of methanol production in the simulation of LaPorte's 
SBCR for various volumetric mass transfer coefficients. 

(Data are from references 10, 20) 
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Figure 12. Methanol production for five different catalyst sizes in the simulation 
ofLaPorte's SBCR. 
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Figure 13. Preferred reactor operation with a high 
catalyst concentration in the upper portion of the reactor 

(Reproduced with permission from reference 40. Copyright 2003.) 
(See page 2 of color inserts.) D
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Conclusions and Future Directions 

Conclusions 

Slurry bubble column reactor for methanol and other hydrocarbons 
productions from synthesis gas is an issue of interest to the energy industries 
throughout the world. Computational fluid dynamics (CFD) is a recently 
developed tool which can help in the scale up. We have developed an algorithm 
for computing the optimum process of fluidized bed reactors. The mathematical 
technique can be applied to gas-solid, liquid-solid, and gas-liquid-solid fluidized 
bed reactors, as well as the LaPorte slurry bubble column reactor. Our 
computations for the optimum particle size show that there is a factor of about 
two differences between 20 and 60 pm size with maximum granular-like 
temperature (turbulent kinetic energy) near the 60 pm size particles. 

The kinetic theory model1 was extended to include the effect of the mass 
transfer coefficient between the liquid and the gas and the water gas shift 
reaction in the slurry bubble column reactor. The computed granular temperature 
was around 30 cm2/sec and the computed catalyst viscosity was closed to 1.0 cp. 
The volumetric mass transfer coefficient estimated by the simulation has a good 
agreement with experimental values shown in the literature. The optimum 
particle size was determined for maximum methanol production in a SBCR. The 
size was about 60 - 70 microns, found for maximum granular temperature. This 
particle size is similar to FCC particle used in petroleum refining. 

Reactor optimization due to heat exchanger configuration was also 
investigated. The concentration of the catalyst in the upper stage was higher than 
in the lower stage due to the fact that the catalyst is not allowed to return to the 
lower stage. The methanol concentration was higher in the upper stage due to the 
continued production and flow from the lower stage. 

Future Directions 

More than a quarter century ago NASA sponsored work has demonstrated 
that it is possible to compute single phase turbulent flow, the logarithmic 
velocity profile and the Reynolds stresses, by direct numerical solution of the 
Navier-Stokes equations for reasonably low Reynolds numbers, of the order of 
10,000 (45). Recent research (46) has shown that it is similarly possible to 
compute the turbulent properties of dense gas-solid flow. For the dense riser 
flow, the computed energy spectrum captured the observed gravity wave and the 
Kolmogorov -5/3 law at high frequencies. The CFD simulations compared 
reasonably well with the measured core-annular flow experiments at high solid 
fluxes. The computed granular temperatures, solids pressures, FCC viscosities 
and frequencies of particle oscillations were close to the experiments reported in 
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the literature. Here we show the potential of such an approach to compute gas-
solid-liquid flow and to optimize slurry bubble columns reactors. 

A potential practical application of the proposed CFD approach is to design 
a coal-slurry oxygen fed gasifier of interest in the FutureGen project. It is 
expected that such a gasifier will be much smaller and more efficient than those 
being tested in the FutureGen project. Such computations should hopefully 
clearly demonstrate the power of CFD to make design improvements. 

Nomenclature 

Hk enthalpy of phase k 
rh mass transfer rate 

Mjx molecular weight of the yxth species 
Ρ phase pressure 

ν hydrodynamic velocity 
yjx Gas mole fraction of theyjrth species in k phase 

βΒ interphase momentum transfer coefficient 
ε phase volume fraction 
Yk energy dissipation due to inelastic particle collision 
Θ granular temperature 
ρ phase density 
τ phase stress 
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Chapter 2 

Ultraclean Transportation Fuels from Coal: 
An Overview 

John Shen1, Edward Schmetz1, Gary J. Stiegel2, John C. Winslow2, 
Robert M. Kornosky2, Diane R. Madden2, and Suresh C. Jain3 

1U.S. Department of Energy, 19901 Germantown Road, 
Germantown, MD 20874 

2National Energy Technology Laboratory, U.S. Department of Energy, 
P.O. Box 10940, Pittsburgh, PA 15236 

3National Energy Technology Laboratory, U.S. Department of Energy, 
3610 Collins Ferry Road, Morgantown, WV 26507 

Coal is the most abundant hydrocarbon resource that is in 
commercial production in the U.S. It can be converted to ultra­
clean liquid transportation fuels via a technology known as 
indirect liquefaction. These fuels, known as CTL (coal-to—
liquids) fuels, have similar attributes as GTL (gas-to-liquids) 
fuels, including zero sulfur and aromatic contents. Early 
commercial production of CTL fuels in the U.S. is likely to 
take place in an IGCC (integrated gasification combined 
cycle) complex under the coproduction (poly-generation) 
mode to coproduce power, fuels, chemicals, and steam. This 
paper will review some of the work supported by the DOE 
(U.S. Department of Energy) to facilitate the commercial 
implementation of the coproduction strategy. It will also 
highlight the new initiatives in using CTL fuels as feedstocks 
for distributed hydrogen production. Finally, a brief 
comparison will be made between the CTL and GTL diesel 
fuels. 

© 2007 American Chemical Society 19 
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Introduction 

A recent paper by EIA (Energy Information Administration) within DOE 
(U.S. Department of Energy) indicates that CTL (coal-to-liquids) fuels, under 
the High Price Β Case, could become a viable supplement to the petroleum 
liquids supply in U.S. by 2010 (1). CTL fuels made from the indirect 
liquefaction technology are free of sulfur and aromatics, and also have clean 
combustion properties. These fuels are compatible with the petroleum-based 
ultra-clean transportation fuels mandated by EPA (U.S. Environmental 
Protection Agency) for 2006 and beyond to help meet the new stringent 
specifications for vehicle emissions. The CTL fuels can be used either as a 
blending component or as neat fuel. 

In indirect coal liquefaction, coal is first gasified to form synthesis gas 
(mostly carbon monoxide and hydrogen), which is cleaned to remove impurities 
and then converted to clean liquid fuels over catalysts using a technology known 
as Fischer-Tropsch (F-T) synthesis. The primary F-T products are then upgraded 
to specification fuels using conventional refining technologies. CTL plants are 
known to be capital intensive, with syngas production and cleanup accounting 
for two-thirds of the cost. DOE has been supporting activities aimed to reduce 
the capital cost of this technology, including work on advanced coal gasifier, 
improved syngas cleanup, and new slurry-phase F-T reactors. Significant 
advances have been made in all areas. A scoping economic study indicates that 
CTL fuels based on the integrated operation of these advanced technologies 
could be competitive with petroleum crude in the mid-$30 per barrel under the 
coproduction mode (2). 

In the coproduction mode, CTL is produced along with electric power, 
high-value chemicals and steam by incorporating an F-T synthesis step into an 
IGCC (integrated gasification and combined cycle) complex. A schematic 
diagram of the coproduction mode is shown in Figure 1. This mode is deemed to 
offer the earliest opportunity for the commercial production of CTL fuels in the 
U.S. because of the near-commercial readiness of IGCC technology. This paper 
will review the status of activities supported by DOE to help usher in the early 
commercial production of CTL fuels. 

Early Entrance Coproduction Plant 

In 1999, DOE issued a solicitation seeking proposals to evaluate the 
technical and financial feasibility of projects known as EECP (early entrance 
coproduction plant). These plants are aimed at demonstrating the operations of 
advanced CTL technologies in integrated mode at pre-commercial or 
commercial scale units. The study was structured in three phases: Phase I 
(concept definition and research/development and testing planning), Phase II 
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Figure L CTL (coal-to-liquids) fuels production via coal 
gasification - the co-production mode. 

(research and development and testing), and Phase III (preliminary engineering 
design). Construction and operation of the EECP are beyond the scope of this 
solicitation. Successful operation of EECP would mitigate technical risks which 
are deemed essential in undertaking large-scale commercial CTL projects. 

Two projects were awarded under the EECP solicitation. The first one was 
with WMPI (Waste Management Processors, Inc.) and the other with Texaco 
Energy Systems LLC. Both projects are aimed at coproducing CTL fuels and 
electric power from coal and low-cost feedstocks using proprietary iron 
catalysts. They are to be sited adjacent to existing infrastructures to help reduce 
the capital costs. Highlights of these two projects are discussed below. 

Waste Management Processors, Inc. (WMPI) Project 

Prime contractor: WMPI 
Subcontractors: Shell Global Solutions, Uhde GmbH, Sasol Synfuels 
International, and Nexant, Inc. 
Location: Gilberton, Pennsylvania 
Feedstock: anthracite coal waste (culm) at 1.4 million tons per year 
Products: 5,000 barrels per day of ultra-clean fuels, 39 MW electricity for 
export, sulfur, and steam. 
Key process blocks: Shell gasification complex, Sasol slurry-phase F-T 
synthesis unit (iron catalyst), ChevronTexaco F-T product workup unit, and 
combined cycle power plant. 

WMPI plans to license the two key technologies of gasification and F-T 
synthesis from Shell and Sasol which offer guaranteed performance. Syngas 
from the Shell coal gasifier will first be shifted to increase the hydrogen to 
carbon monoxide ratio to 1.5 before feeding to the F-T synthesis step. The 
energy contents in CTL fuels and electric power export have a ratio of 89 to 11. 
More updated data on the project can be found elsewhere (3) 
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Texaco Energy Systems LLC Project 

Prime contractor: Texaco Energy Systems LLC 
Subcontractors: General Electric (GE), Praxair, and Kellogg Brown and Root 
(KBR). 
Location: Motiva Refinery, Port Arthur, Texas 
Feedstock: Petroleum coke at 1,235 short tons per day 
Products: 457 barrels per day of wax, 125 barrels per day of F-T diesel, 35 
barrels per day of F-T naphtha, 55 MW power for export, sulfur, and steam. 
Key process blocks: Texaco gasification complex, Rentech slurry-phase F-T 
synthesis unit (iron catalyst), Bechtel Hy-FinishingSM F-T product workup unit, 
and combined cycle power plant. 

The Texaco gasification technology is relatively mature and therefore 
requires minimal additional R&D work. The Rentech slurry-phase F-T 
technology, on the other hand, is still under development. This new F-T 
technology will directly process the syngas from Texaco coal gasifier with a 
hydrogen to carbon monoxide ratio of 0.76, leading to higher plant efficiency. 
The energy contents in CTL fuels and electric power export have a ratio of 38 to 
62. This choice takes into consideration the steady revenues from the off-take of 
electric power via arrangements through the project host site and the need to 
obtain scaleup data for the Rentech slurry-phase F-T reactor. 

Phase I study showed the project could yield an 11.9% internal rate of 
return by assuming a zero cost for coke feedstock and selling electric power at 
market price and F-T wax as premium products. Based on this favorable result, 
Texaco proceeded to Phase II experimental work which validated the key design 
parameters used in Phase I study. The Texaco EECP project was completed in 
2003 after the completion of Phases I and II (4, 5). Phase III work was cancelled 
because of the unavailability of the project host site after the Chevron and 
Texaco merger. 

New Development in EECP Activities 

In 2003 WMPI was selected for award negations for commercial coal-based 
coproduction applications under Round I of the DOE CCPI (clean coal power 
initiative) solicitation. Its work scope is to construct and operate a commercial 
CTL plant as designed under the WMPI EECP project mentioned above. 

C T L Fuels for Distributed Hydrogen Production 

In 2003, the Hydrogen from Coal program was initiated in the Office of 
Fossil Energy within DOE as a part of the Hydrogen Fuel Initiative announced 
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by President Bush in 2002 (6). One element of the program is "alternative 
production pathway" including the use of CTL fuels as feedstocks for hydrogen 
production near the point of use. In 2005, two cooperative agreements were 
awarded for activities in this area. The two contractors are ICRC (Integrated 
Concepts and Research Corporation) and HTI (Headwaters Technology 
Innovation). Both will work on improved production of CTL fuels with high-
hydrogen content and the use of these fuels for hydrogen production and other 
applications. Highlights of these two projects are summarized below. 

ICRC (Integrated Concepts and Research Corporation) Project 

Under the contract, ICRC and its subcontractor Syntroleum Corporation 
will study the CTL fuels production using F-T cobalt catalysts developed by 
Syntroleum. A mobile, two-staged bench-scale CSTR (continuous stirred tank 
reactor) unit will be assembled to perform the F-T testing with a slip syngas 
stream from an existing coal gasifier. The syngas feed used in these tests will 
have a hydrogen to carbon monoxide ratio around 2.0. A testing duration of 
2500 hours is planned to obtain the catalyst performance data needed for the 
task of commercial CTL plant feasibility study under this contract. An important 
part of this work is to search for a guard bed placed before the F-T reactor to 
remove the trace impurities present in the cleaned syngas feed. Research 
quantities of finished F-T fuels will be produced and tested for diesel, jet fuel, 
and reforming to hydrogen applications. 

Two of the host sites for F-T catalyst testing under consideration are (a) 
Eastman Chemical Company's chemicals from coal plant in Kingsport, 
Tennessee and (b) Dakota Gasification Company SNG (substitute natural gas) 
plant in Beulah, North Dakota. The former uses a Texaco coal gasifier and the 
latter Lurgi fixed-bed coal gasifiers. Both plants use Rectisol technology for 
syngas cleanup. More information on this project can be found elsewhere (7). 

HTI (Headwaters Technology Innovation) Project 

HTI is the prime contractor of this project. Other team members include 
GTI (Gas Technology Institute), Nexant, Inc., UOP, Pall Corp., ANL (Argonne 
National Lab), and Air Force Testing Lab at Wright-Patterson Air Force Base. 
Under this project, a F-T PDU (process development unit) reactor system (16-
inch diameter) will be designed, constructed, and operated in integrated mode 
with the Flex Fuel Gasifier (12 tons of coal per day) at GTI. It will have a 
nominal capacity of 10 barrels per day. A GTI proprietary technology using 
Morphysorb® solvent will be employed to clean up the syngas. 
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For the F-T synthesis, two catalysts will be used. The first one will be a 
precipitated iron catalyst supplied by a commercial vender. It will be a high-
alpha catalyst to be operated in a slurry-phase reactor. The second one will be a 
HTI-proprietary skeletal iron catalyst. It will be a medium-alpha catalyst to be 
operated in an ebullated bed reactor. 

UOP will perform the primary F-T products upgrading. ANL will perform 
the reforming of CTL fuels for hydrogen production. Air Force Lab will perform 
the combustion testing of F-T jet fuels. 

Negotiation has been underway between HTI and DOE to add a new task 
for F-T PDU design/construction under this contract. This was necessitated after 
the withdrawal of Rentech from the contract (8). 

C T L versus GTL Diesel Fuels 

GTL diesel production worldwide is projected to reach above 610,000 
barrels per day by 2011 (9). It has attracted a lot of interest from both engine and 
fuel companies in the U.S. and overseas because of its excellent attributes. 
Results from the extensive engine testing have shown that use of GTL diesel, 
either as neat fuel or in a blend with conventional diesel, can lead to significant 
emission reductions over the conventional diesel (9, 10). Tables I and II show 
the properties of the testing fuels and their emission performance, respectively 
(10). These results show that GTL diesel has negligible aromatics, higher cetane 
number, and lower volumetric heating value when compared to the base fuel (a 
ultra-clean conventional diesel). It yields lower emissions than base fuel in all 
aspects: NOx by 5.5%, THC (total hydrocarbon) by 33.4%, and particulate 
matters (PM) by 18.7%. These reductions are attributed to the cleaner properties 
of GTL diesel. GTL diesel also has higher fuel utilization efficiency, as 
indicated by the lower BSFC (brake specific fuel consumption) number in Table 
II. This should help partially offsetting its disadvantage in lower heating value. 

Table I. GTL Diesel and Base Fuel Diesel Properties 

Property F-T (GTL) Base Fuel 
Aromatics, % <0.1 8.1 
Density, g/cm3 0.7836 0.832 
Cetane Number >76 42.1 
High Heating Value, 
Btu/gal 

138,669* 137,760 

Sulfur, ppm <1 2 
*F-T diesel has -4% lower volumetric fuel efficiency compared to base fuel. 
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CTL diesel is likely to be produced with iron catalyst to take advantage of 
its intrinsic water-gas-shift activity and higher tolerance for trace impurities, as 
compared to the cobalt catalyst used in GTL diesel production. Both attributes 
are considered beneficial to processing coal-derived syngas which is hydrogen 
deficient and has more trace impurities. This difference in catalyst choice will 
result in slightly different chemical compositions between CTL and GTL diesel. 
Yet testing results show the two diesel fuels have exhibited similar emission 
reduction benefits in engine combustion testing (11, 12). 

Table II. Engine Emission Performance Data (Cummind ISM Engine). 

Fuel NOx THC* PM BSFC* 
g/hp.h g/hp.h g/hp.h g/hp.h 

Base 2.08 0.33 0.125 196.5 
F-T 1.96 0.22 0.102 191.8 
% Reduction 5.6 33.4 18.7 2.4** 

*THC: total hydrocarbon; BSFC: brake specific fuel consumption 
**Tha lower BSFC number for F-T diesel should partially offset the 
disadvantage of its lower heating value. 

Conclusions 

Prospects of higher crude price that began in 2004 are expected to rekindle 
interests in search for alternatives to supplement conventional crude oil. CTL 
fuels could be one of the viable options in the U.S. because of the abundant 
domestic coal reserves. Results from the two EECP feasibility studies at WMPI 
and Texaco show that both projects could be financially feasible under the 
project specific circumstances. Successful implementation of EECP projects will 
prove out the commercial viability of advanced CTL technologies operated in 
integrated mode. The CTL technologies will be further improved through two 
new contracts at ICRC/Syntroleum and HTI. CTL and GTL diesel fuels have 
similar attributes and have been shown to exhibit similar emission reduction 
benefits in engine combustion testing. 
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Chapter 3 

Clean Fuels Production Using Plasma Energy 
Pyrolysis System 

Ron Patun1, Jay Ramamurthi2, Mark Vetter2, Arthur Hartstein3, 
and Olayinka I. Ogunsola3 

1National Defense Center for Environmental Excellence (NDCEE), 
Environmental Technology Center, 100 CTC Drive, Johnstown, PA 15904 

2EnerSol Technologies, Inc., 2722 Merrilee Drive, Suite 310, 
Fairfax, VA 22031 

3Office of Oil and Natural Gas, U.S. Department of Energy, 1000 
Independence Avenue, S.W., Washington, DC 20585 

The PEPS® (Plasma Energy Pyrolysis System) Gasification 
system, when used in conjunction with existing Fischer—
Tropsch technology, can be used to produce ultra-clean liquid 
fuels from low value, difficult-to-process wastes and by—
products. Over 60 million tons of petroleum coke are 
produced in the U.S. annually as a by-product of petroleum 
refining. The PEPS® Gasification system from EnerSol 
Technologies, Inc. provides a novel and effective means to 
convert low value grades of petroleum coke into high quality 
synthesis gas. Further processing of the synthesis gas though a 
Fischer-Tropsch unit will produce ultra-clean liquid fuels. In 
an alternate configuration, the PEPS® gasification system can 
be used to produce hydrogen. 

© 2007 American Chemical Society 29 
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Background - Fuels Needed and an Available Feedstock 

The U.S. currently imports about sixty (60) percent of its oil requirements 
(/), which is expected to increase to about 70 percent by the year 2025 (7). This 
reliance on foreign sources of oil has created both national and economic 
security issues for the U.S. It is desirable to produce liquid transportation fuels 
from alternative sources. The Fischer-Tropsch (F-T) process can be used to 
produce liquid fuels from synthesis gas (syngas), a mixture of hydrogen and 
carbon monoxide. Liquid fuels produced from the F-T process have very low 
levels of sulfur compared to petroleum products; these ultra-clean fuels are 
environmentally friendly. However, syngas is commonly produced from natural 
gas, which has become significantly more expensive in recent years (2). 
Alternative, less expensive feedstocks for syngas production can reduce the costs 
of liquid fuels produced through the F-T process. 

The U.S. produces over 60 million tons per year of petroleum coke 
(petcoke) at a number of refineries (3,4% and the trend indicates higher 
production in the future. The petcoke is a by-product of thermal cracking of 
crude oil. Several grades of petcoke are produced. The grade of petcoke 
produced is affected by the quality of the crude oil, the type of process used to 
produce the petcoke, and the operating conditions of the process. Although 
certain grades of petcoke (e.g., "anode grade" petcoke) have economic value, the 
majority of the petcoke produced is "fuel grade" petcoke. This type of petcoke 
is characterized by high levels of sulfur and metals, and it has low economic 
value. Some petcoke is disposed of as a waste by-product by the refiners. 

Petcoke can be gasified to produce syngas. Due to their physical and 
chemical properties, however, the lowest-value grades of petcoke may be 
difficult to gasify using existing processes. Therefore, an alternative technology 
that will easily gasify low-value petcoke in an environmentally safe way is 
desireable. PEPS® appears to offer such promise. 

Alternate Gasification Technology - PEPS® 

EnerSol Technologies, Inc. (EnerSol) has developed the PEPS® 
Gasification system, which offers certain benefits in the gasification of 
problematic feedstocks. The PEPS® utilizes plasma energy to enhance the 
gasification process. The Department of Defense (DOD), with support from the 
Department of Energy (DOE), has funded engineering and testing of the PEPS® 
Gasification system as a technology transfer opportunity to increase the domestic 
source of environmentally friendly transportation fuels. 

In the PEPS® Gasification process, a plasma torch is used to accelerate and 
enhance gasification reactions, and to provide auxiliary heat to the gasifier. By 
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allowing the adjustment of reactor temperature without significantly disturbing 
reactor stoichiometry, the plasma torch provides an additional degree of freedom 
unavailable in conventional gasifiers. This novel system enables the conversion 
of low value, difficult grades of petcoke to produce syngas. After this syngas is 
properly conditioned, it can be further processed using conventional F-T 
technology to produce clean fuels for DOD, industrial, and consumer 
applications. In addition, the PEPS® can be used to produce hydrogen gas for 
fuel cell or transportation applications. 

History of Plasma Energy Technology 

Plasma energy technology has been studied since the I960's. Plasma 
torches similar to those utilized in the PEPS® system were originally developed 
for the aerospace industry to simulate the reentry conditions of space vehicles. 
The technology was also used by the specialty metals industry to produce high 
purity metals. During the 1980's, the Government funded considerable research 
to apply this technology for treating the most difficult-to-treat wastes produced 
by our society. There is high interest in plasma energy technology because of its 
ability to achieve temperatures of over 10,000°F. Such high temperatures are 
sufficient to melt inorganic materials while thoroughly destroying all organic 
compounds. 

As a result of this effort, industrial plasma torches have been developed 
which can be utilized for high temperature processing of a variety of materials. 
EnerSol has successfully applied plasma torches in multiple reactor systems for 
the gasification of materials. 

Brief Review of PEPS® Technology and Prior Work 

PEPS® technology has been applied to a number of difïicult-to-manage 
waste streams. The DOD has sponsored the construction and demonstration of 
PEPS® systems for the destruction of solid, liquid, and sludge/slurry wastes. 
The PEPS® has successfully destroyed these wastes, with environmental 
performance better than EPA standards. 

A typical PEPS® waste destruction system is shown below in Figure 1. 
Waste materials, which may be solid, liquid, or sludge/slurry, are introduced to 
the reactor though an appropriate feed mechanism. A controlled amount of an 
oxidant is co-fed to the reactor. The reactor, which is operated at near-
atmospheric pressure, is heated to temperatures between 2,200°F and 3,000°F by 
a plasma torch. Under these processing conditions, organic materials decompose 
and gasify, forming primarily hydrogen (H2) and carbon monoxide (CO). 
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Inorganic materials are melted, forming a pool inside the reactor. By controlling 
the composition of this molten pool, EnerSol can ensure the formation of a non-
leaching glassy product (slag). Glass forming materials, such as silica and lime, 
may be added to the system to control the slag composition. The slag may be 
continuously or periodically removed from the reactor, a process referred to as 
tapping. When the waste feed material contains significant levels of metals, the 
molten pool may be allowed to stratify, permitting the separate recovery of 
metals and glassy slag. 

Plasma 
Torch 

Waste 
Feedstock" 

Feed 
System 

Reactor 
Vessel 

Syngas 
Cleaning 

Syngas 
'Product 

Slag 
Removal 

By­
products 

Figure 1. Flow Diagram of a PEPS® Waste Destruction System 

Through DOD funded programs, a Mobile PEPS® waste destruction system 
was built and tested with a variety of feedstocks. During a recent (2003-2005) 
U.S. Army funded program, EnerSol upgraded and operated the Mobile PEPS®, 
successfully completing extensive testing on additional feed streams. The 
National Defense Center for Environmental Excellence (NDCEE) provided 
monitoring and coordination support. Three surrogate waste streams were 
processed, and tests were performed to measure both performance and 
environmental benefits. The results of the high-temperature waste destruction 
and gasification process were validated by the NDCEE, independent third-party 
sampling personnel, and outside laboratories. 

Building on the success of the proceeding waste destruction PEPS® 
programs, the DOD tasked the NDCEE/EnerSol team to design a PEPS® 
Gasification system that could demonstrate the conversion of petcoke to syngas, 
with the focus on producing ultra-clean liquid fuels from the low-value grades of 
petcoke. 
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Overview of PEPS® Petcoke Gasification Program 

The specific goal of the Clean Fuels PEPS® project is to design a system 
that, when installed and operational, will demonstrate that the PEPS® 
Gasification process is efficient, environmentally compliant, and cost 
competitive for alternative fuel production with specific emphasis on using 
petcoke as a feedstock. The initial phase of the project was divided into three 
subtasks: 

• Preliminary Engineering Design 
• Risk Reduction Testing 
• Detailed Engineering Design 

The first two subtasks have been completed, and detailed engineering is in 
progress. A second phase of the Clean Fuels PEPS® program is expected to 
provide for construction and testing of the system at a F-T fuel production site. 

Preliminary Engineering Subtask 

During the Preliminary Design subtask, EnerSol defined the requirements 
for the Clean Fuels PEPS® gasification system. Feedstock characteristics, 
syngas quality requirements, system sizing, and a preliminary system design 
were developed and documented. In addition, a few areas of technical challenge 
were identified, which led to the second subtask (Risk Reduction Testing). At 
this phase of the project, a site had not been selected, so the preliminary design 
was site-independent. 

Petcoke Characteristics 

Petroleum coke is a by-product from thermal cracking (coking) operations 
used at approximately 57 oil refineries in the U.S (5). The types of petcoke that 
are produced vary widely depending upon the quality of the crude oil and the 
severity of the thermal cracking process. For the purpose of this design, EnerSol 
assumed that the lowest value petcoke would be fed to the PEPS® gasification 
system. For purposes of preliminary design, it was assumed that the petcoke 
would contain 5 percent sulfur and 1 percent ash (inorganics). It was further 
assumed that the physical form of the petcoke would be "shot coke", a 
particularly hard and abrasive type of petcoke. Petcoke of these characteristics 
has a low value, and in periods of low energy prices has in some cases, resulted 
in a disposal cost to the refineries. 
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Syngas Specifications 

It is anticipated that Clean Fuels PEPS® unit will be constructed at an 
industrial site, such as an existing refinery, and that the syngas produced by the 
Clean Fuels PEPS® will be fed to an existing F-T process for the production of 
ultra-clean liquid fuels. Since the site is undefined, the specific F-T process is 
unknown. There are a variety of F-T processes, and the requirements for syngas 
vary from process to process. A primary differentiator between F-T processes is 
the catalyst used in the process. The catalysts used by the F-T process are 
primarily iron-based or cobalt-based. F-T processes using iron-based catalysts 
typically operate at higher temperatures and pressures, and can tolerate higher 
levels of impurities, than F-T processes which use cobalt-based catalysts. Some 
typical Fischer-Tropsch process conditions and syngas requirements are shown 
in Tables I and II. 

Table I. Typical Conditions for Fischer-Tropsch Synthesis 

Catalyst Temperature Pressure H2.CO ratio 
Iron-based 

Cobalt-based 

572 - 662°F 
(300 - 350°C) 
392-464°F 

(200-240°C) 

145 - 580 psi 1.7:1 
(10-40 bar) 
100- 174 psi 2.15:1 
(7-12 bar) 

Table II. Syngas Purity Requirements for Fischer-Tropsch Processes 

Component Typical 
Requirements 

Sulfur (H2S, SO x , CS 2, COS) 
ΝΟχ (NO, N0 2 ) 
Ammonia (NH3) 
Cyanide (HCN) 
Hydrochloric acid (HC1) 

from < 60 ppb to < 10 ppm 
< 0.2 ppm 
< 10 ppm 
< 10 ppb 
< 10 ppb 

For preliminary design purposes, EnerSol assumed that the syngas would be 
delivered at 500 psig, with a 2:1 H2:CO ratio. It was further assumed that the 
syngas would be purified to less than 0.1 ppm of sulfur compounds and to below 
the limits stated in Table II for HC1 and nitrogen compounds. These 
"specifications" were for premilinary design purposes only; it was recognized 
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that the specifications would be further defined following selection of a site, and 
determination of the syngas requirements for that site's F-T process. 

Preliminary Design Capacity 

Petcoke production capacities at refineries vary significantly, ranging from 
1,200 tons per day (TPD) to over 23,000 TPD (4,5). Gasifier systems are 
capital-intensive. EnerSol expects that a typical petcoke gasifier for a refinery 
would be sized at approximately 3,000 TPD. For the Clean Fuels PEPS® 
project, the intent was to design a small pilot plant to prove the technology, not 
to design a large-scale industrial unit. For preliminary design, a pilot unit 
capacity of 25 TPD was selected. This unit would consume -2,100 lbs/hr of 
petcoke, and produce 1,700 standard cubic feet per minute (scfin) of clean 
syngas. 

Process Flow System 

The Process Flow Diagram (PFD) for the Clean Fuels PEPS® is shown in 
Figure 2. The major process operations include: petcoke feedstock handling, 
reactor vessel, plasma torch, slag removal, solids removal, energy recovery, 
syngas purification, and pressurization of the syngas to be delivered to the F-T 
processing unit 

The PFD includes the processing subsystems required to convert petcoke 
into high quality syngas for production of liquid fuels via F-T. The PFD will 
remain essentially unchanged over a wide range of system capacities. However, 
the type of equipment selected for each subsystem will vary as system capacities 
vary. For example, the technologies chosen for sulfur removal in the Syngas 
Purification subsystem may change with system capacity. For a 2,500 TPD unit, 
H 2S may be removed from the syngas by an amine system. For a 25 TPD pilot 
plant system, the high capital costs associated with an amine system may not be 
justified, and different technologies may be selected. 

Similarly, the PFD will not vary significantly based on the system 
installation site. However, as noted earlier, the syngas quality specifications are 
dependent on the installation site and the F-T process used. Consequently, the 
types of equipment selected for specific subsystems may change based on the 
system installation site. 

During preliminary design, EnerSol evaluated a variety of technologies for 
each of the subsystems required for the 25 TPD pilot unit. Design criteria for the 
subsystems in Figure 2 are briefly described below. 
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Plasma 
Torch 

Feedstock] 
Handling Reactor Solids 

Removal 

Slag 
Removal 
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Syngas 
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Syngas 
Compressor 

By-
Products 

Figure 2. Flow Diagram of PEPS® 25 TPD Gasification System 

Process Description of 25 TPD Pilot Unit 

The petcoke is expected to be received in lump form, with most lumps sized 
between 4 and 6 inches. The Clean Fuels PEPS® feedstock handling equipment 
will provide for crushing, grinding, and feeding of the petcoke. The petcoke will 
be ground to a fine powder before it is fed to the reactor. The low-value grades 
of petcoke are quite hard and abrasive; proper design of the grinding equipment 
is critical for reliable operation. The preliminary design was based on pneumatic 
feeding of the ground petcoke, using steam as the motive gas. Some other key 
issues in the feedstock handling system design include determination of the 
desired particle size and ensuring reliable feed of the petcoke into a pressurized 
reactor. 

The plasma assisted reactor is designed to maximize petcoke conversion 
while minimizing fine particulate carryover. Several reactor configurations were 
evaluated, and an entrained flow, vertical down-flow reactor was selected. A 
sketch of this style reactor is shown in Figure 3. In this configuration, a non-
transferred DC arc plasma torch is mounted at the top of the refractory-lined 
reactor. Petcoke and oxygen are introduced through one or more nozzles 
mounted near the torch. The plasma torch generates a region of high 
temperature, highly reactive species, which interact with the petcoke and oxygen, 
enhancing and accelerating reactions. As the feedstocks flow downward through 
the reactor, the petcoke is rapidly converted to syngas. The syngas exits through 
a port on the side of the reactor, near the bottom. Inorganic materials collect in a 
molten slag bath at the base of the reactor. 

To ensure good petcoke conversion, the reactor must have sufficient volume 
to ensure adequate gas phase residence time for petcoke conversion to syngas. A 
key design issue was determining the correct reactor volume. 
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Another significant issue was determining an appropriate reactor pressure 
for the 25 TPD pilot unit. As discussed earlier, the syngas product is to be 
delivered at 500 psig. Ideally, if the reactor were operated at a pressure in 
excess of 500 psig, there would be no need for the syngas compressor shown in 
Figure 2. Significant cost savings could be achieved by eliminating the 
compressor. Conversely, operation of the reactor at atmospheric (or sub-
atmospheric) pressures would require the use of large, expensive, energy-
intensive compressors to raise the product syngas pressure to 500 psig. 

SLUM* INJECTOR OUTLET 

Figure 3. Preliminary Reactor Design for PEPS® 25 TPD Gasification System 
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The limiting factor in the selection of a system pressure was the plasma 
torch. Industrial experience with the operation of non-transferred DC plasma 
torches at elevated pressures is quite limited. For the 25 TPD Clean Fuels 
PEPS® pilot unit, a moderate pressure of 50 psig was selected as a design basis. 

Although the reactor is designed to maximize petcoke conversion to syngas, 
there will be some solids in the product syngas. These solids will include 
unreacted petcoke particles and entrained ash (inorganic constituents). A 
cyclone was selected for solids removal downsteam of the reactor. 

Recovery of a portion of the heat energy available in the hot (>2000°F) 
syngas stream of the 25 TPD unit is intended to improve the net thermal 
efficiency of the process by installing a waste heat boiler, which will produce 
steam for use in process heating. In a larger gasification system, additional 
energy recovery equipment could be installed to further improve efficiency. 
However, the capital costs of such equipment are not justified for a small 25 
TPD pilot unit. 

The syngas cleaning system is designed to condition the syngas produced in 
the PEPS® reactor to meet the requirements of the F-T process. The most 
significant functions include removal of sulfur compounds (primarily hydrogen 
sulfide, H2S), adjustment of H 2:CO ratio, and removal of trace impurities. As 
noted above, although an amine unit might be selected for H 2S removal in a 
larger system, this technology was deemed too expensive for the 25 TPD pilot 
unit. A wet scrubber was chosen for primary H 2S removal for the pilot unit. A 
water gas shift reactor was designed for adjustment of H 2:CO ratio. For this 
pilot unit, scavenger beds were selected for removal of residual trace impurities. 
Syngas exiting the cleaning system will meet all purity requirements for use in a 
F-T process. 

Although the Clean Fuels PEPS® design is intended to produce syngas for 
F-T synthesis of liquid fuels, it should be noted that the system, with minor 
modifications, could be used to produce hydrogen as the primary product. The 
water gas shift reactor could be modified to drive the gas composition to 
primarily H 2 and C0 2 . The addition of a hydrogen separation unit downstream 
of the shift reactor would permit recovery of hydrogen as an alternate product 
stream. 

To meet the pressure requirement of the F-T process, the syngas must be 
pressurized to 500 psig. Since compressor power requirements are related to the 
compression ratio (pressure out / pressure in), the power required can be reduced 
by increasing the suction pressure. As discussed earlier, concerns about plasma 
torch operations under 500 psig pressure resulted in a design pressure of 50 psig 
for the reactor. 

During the Preliminary Design, a few areas of technical challenge (risk) 
were identified, which led to the following subtask (Risk Reduction Testing). 
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Risk Reduction Testing Subtask 

Despite considerable research and careful design efforts, the design of a 
prototype pilot plant always involves some unknown parameters. As noted in 
the preliminary design discussions above, a few areas of technical challenge 
were identified. To build the pilot plant without investigating these issues 
would increase the risk. The pilot unit could experience problems and have 
difficulty achieving the goal of successfully demonstrating the PEPS® 
gasification system if these issues are not addressed. To address these 
challenges, four risk areas were identified. The four areas of concern were: 

• Reactor design issues 
• Feedstock handing issues 
• Pressurized plasma torch operation 
• Petcoke grinding issues 

Risk Reduction Testing (RRT) was performed to mitigate risk in the first 
two risk areas. A temporary entrained flow, vertical down-flow reactor, 
dimensionally similar to the planned 25 TPD reactor, was fabricated and 
connected to the existing Mobile PEPS® gas cleaning system. A plasma torch 
and instrumentation were mounted on the temporary reactor. Petcoke was 
gasified in the reactor while operating over a wide range of feedrates and 
temperatures, and data was collected. Due to limitations of the Mobile PEPS® 
gas cleaning system, the reactor could not be pressurized. A l l RRT operations 
were conducted at near atmospheric pressure. 

Below, each risk area will be discussed. Where available, results from Risk 
Reduction Testing will be presented. (Risk Reduction Testing has not been 
completed for the last two risk areas.) 

Reactor Design Issues 

An entrained flow, vertical down-flow reactor design was selected for the 
25 TPD pilot unit. A key parameter for the design of this unit was the reactor 
volume required (i.e., gas residence time). Operations were conducted at a 
variety of conditions, and the reactor product gas was sampled to determine the 
mass flow of unreacted petcoke. Mass balances were performed to calculate the 
petcoke conversion rate. 

Figure 4 presents the results of one such study. Petcoke carbon conversion 
was plotted versus reactor gas-phase residence time calculated for the trial runs, 
and a trend line was extrapolated to 100% conversion. From this graph, it was 
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Figure 4. RRT Study of Reactor Residence Time vs. Conversion 

concluded that approximately 10 seconds of residence time would be required 
for carbon conversion to approach 100% at the reactor operating conditions 
tested. 

Additional reactor design issues studied during RRT included the effect of 
petcoke particle size on conversion,and the effect of reactor temperature on gas 
composition and H 2:CO ratio. 

Feedstock Handling Issues 

During the preliminary design effort, EnerSol selected pneumatic 
conveyance as the feed method. After further investigation, feeding the petcoke 
in a petcoke.water slurry was determined to be the preferred method. Although 
slurry feeding offered several advantages over pneumatic feeding, the 
introduction of significant amounts of liquid water into the reactor adversely 
impacted the overall thermal efficiency of the process. (Significant amounts of 
heat would be required to boil the excess water.) RRT efforts focused on 
determining the optimal (maximum) petcoke:water ratio, and investigating 
issues surrounding erosion and plugging in the slurry feed system. 
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Petcoke:water slurries were prepared at mass ratios ranging from 30:70 to 
70:30. EnerSol determined that mixtures of up to 50:50 were pumpable and fed 
without problems to the RRT reactor. Mixtures with higher petcoke 
concentrations were difficult to maintain in suspension. Experimentation with 
surfactants and stabilizers resulted in a pumpable mixture at 65% petcoke and 
35% water. 

Injection of the petcoke:water slurry presented an additional challenge. An 
EnerSpl-proprietary atomizing feed nozzle was designed and fabricated. It 
delivered excellent slurry atomization and reliability, while withstanding the high 
reactor temperatures and the abrasive slurry. 

Pressurized Plasma Torch Operation 

As discussed earlier, there is limited experience with the operation of 
industrial plasma torches in pressurized reactors. Testing of a torch under 50 
psig (and higher) pressure prior to construction of the 25 TPD pilot unit would 
be advantageous. 

Petcoke Grinding Issues 

Petcoke can be quite hard and abrasive. In order to design and specify a 
grinder for this service, some bench-scale test grinding is necessary. EnerSol 
expects that this testing will be completed prior to the final design and 
procurement of a petcoke grinder. 

Future Work on Clean Fuels PEPS® 

Detailed design of the Clean Fuels PEPS® project is underway. Additional 
Risk Reduction Testing has been defined. A second phase of the Clean Fuels 
PEPS® project is expected to provide funding for construction and testing of the 
system. 

Summary 

The PEPS® Gasification system offers the capability to convert a petroleum 
refinery by-product into valuable, ultra-clean liquid fuels. Alternately, the 
system can be modified to generate hydrogen, another valuable clean fuel. 
These fuels could reduce the nation's dependence on imported oil. Preliminary 
design for a 25 TPD Clean Fuels PEPS® pilot unit has been completed, as has 
some risk reduction testing. Future funding for completion of the project is 
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PEPS® technology has previously been proven to be safe and effective for 
the treatment of wastes and by-products. 
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Chapter 4 

Effect of Ultrasonic Irradiation on Enxymatic 
Transesterification of Waste Oil to Biodiesel 

Hong Wu and Min-hua Zong 

Lab of Applied Biocatalysis, South China University of Technology, 
1 Wushan Street, Guangzhou 510640, People's Republic of China 

The effect of ultrasonic irradiation on Novozym435-catalyzed 
transesterification of waste oil to biodiesel in a solvent free 
system was explored. The application of ultrasonic irradiation 
instead of shaking during the transerterification led to no 
significant improvement in the reaction rate. However, 
Novozym 435-catalyzed transesterification of waste oil was 
markedly accelerated by pretreatment of the enzyme with 
ultrasonic irradiation at 20 kHz, 80 W for 30 min. During the 
three-step batch reaction with pretreated Novozym 435, the 
reaction time of each step reduced to 5 h, 5 h and 10 h from 
original 6 h, 8 h and 16 h. On the other hand, Novozym 435 
pretreated with ultrasonic irradiation showed good operational 
stability as indicated by a slight loss in activity after 10-batch 
operation. 

© 2007 American Chemical Society 43 
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Biodiesel (long-chain monoalkyl fatty acid esters), a renewable and green 
fuel, is made from vegetable oil or animal fats. At present, the high cost of 
biodiesel, of which the raw material amounts to 75%, prohibits its wide 
application. Compared with chemical method, enzymatic process1,2 seems to be a 
promising alternative because of its mild reaction conditions, easy recovery of 
product, being free of chemical wastes and low demangding on raw materials, 
which makes it possible to use waste oil as substrate for enzymatic production of 
biodiesel. 

Waste oils, from restaurants and household disposals and being creating 
serious problems of environmental control and food safety, have been considered 
as good raw material for biodiesel production. Immobilized Candida antarctica 
lipase was found to be effective for the methanolysis of waste oil . 2 , 3 A three-step 
methanolysis protocol could be used to protect lipase from inactivation by 
methanol. Compared with one-step reaction, it needs a longer time to reach the 
reaction equilibrium. So, efforts should be made to increase enzymatic reaction 
rate. Reports on the enhancement of the activity of certain enzymes by applying 
ultrasonic irradiation on the enzymes4,5 led us to investigate its effects on the 
enzymatic transesterification of waste oil to biodiesel in a solvent free system. 

Experimental 

Materials 

Waste oil was collected from the restaurant in South China University of 
Technology. The saponification value was 200.3 mg KOH/g, from which, the 
average molecular weight of the waste oil was known to be 840.2. Novozym 435 
(lipase Β from Candida antarctica, 164 U/g, lunit corresponds to the amount of 
enzyme that produces 1 μπιοί methyl oleate from triolein per minute at 35 °C) 
was kindly donated by Novozymes Co. (Denmark). Methyl palmitate, methyl 
stéarate, methyl oleate, methyl linoleate, methyl linolenate and methyl 
heptadecanoate (as an internal standard) were purchased from Sigma (USA). Al l 
other chemicals were also obtained commercially and of analytical grade. 
Ultrasonic irradiation experiments were carried out using an ultrasonic bath 
(Type NP-B-400-15; Newpower Co. Ltd., China). 

Determination of power density 

Power density at sample sites in the ultrasound bath was determined 
according to the method described by Barton.6 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
00

4

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



45 

Reaction 

The reaction was carried out in 50-ml flask capped with a septum, incubated 
at 40 °C and in the presence or absence of ultrasonic irradiation. The reaction 
mixture contained 66 U Novozym 435, 10 g waste oil and 0.38 g methanol (1 
molar equivalent). Samples of 100 μΐ were periodically withdrawn and 
centrifuged (12000 rpm, 10 min) and the upper layer was mixed with methyl 
heptadecanoate for GC analysis. In the ultrasonic pretreatment experiment, 
Novozym 435 was immerged into 10 g waste oil and exposed to ultrasonic 
irradiation for a predetermined period of time. 

Analysis 

The methyl ester (ME) content of the reaction mixture was assayed with a 
GC2010 gas chromatography (Shimadzu Corp., Kyoto) using a flame ionization 
detector and a HP-5 capillary column (0.53 mm χ 15 m, HP, USA). The column 
temperature was hold at 180 °C for 1 min, raised to 186 °C at 0.8 °C /min and 
kept for 1 min, then upgraded to 280 °C at the rate of 20 °C /min. Nitrogen was 
used as the carrier gas at 2 ml/min. Split ratio was 1:100 (v/v). The injector and 
the detector temperatures were set at 250 °C and 280 °C, respectively. 

Results and Discussion 

The use of an ultrasonic bath has the advantages of simplicity, low cost, and 
modest power outputs reducing the likelihood of localized heating effects with 
ultrasound probe and cuphorn systems. The most obvious limitations are that the 
operating frequency is normally fixed and power densities vary within the bath. 
Consequently standardization of sample locations is essential for comparative 
purposes. In our study, the water addition to the bath was as high as 230 mm 
from the bottom and the sample was fixed at the position of 180 mm from the 
bottom. The maximum power density with water as medium was obtained in the 
center and this location was used for all the following reactions. The power 
densities were 0.21W/ml, 0.28 W/ml, 0.36 W/ml and 0.48 W/ml, respectively, 
when the power outputs were 40 W, 60 W, 80 W and 100 W, respectively. 

As can be seen in Figure 1, the reaction accelerated markedly with the 
increase in power output when it was below 80 W. Further increase in power 
output up to 100 W, however, resulted in little rise in conversion after reaction 
for 2 h and the ME content of the product was lower than 30% in spite of the 
higher initial reaction rate, suggesting partial inactivation of the enzyme. This 
has been proved by experiments showing that the enzyme retained only 81% of 
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its original activity after being treated with ultrasonic irradiation at 100 W. 
However, the best result achieved was only comparative to the control which 
was carried out with shaking at ISO rpm. This is mainly due to the high viscosity 
of waste oil and little enhancement in mass transfer at a low ultrasonic intensity 
and inactivation of enzyme at a high ultrasonic intensity. 

35 

Reaction time(h) 

Figure 1. Effect of ultrasonic power on enzymatic transesterification of waste oil. 
The reactions were carried out at 40±2 °C in the presence of ultrasonic 

irradiation and the reaction mixture contained 10 g waste oil, 0.38 g methanol 
and 66 UNovozym 435. Control was carried out at 40 °C and 150 rpm. O,40 W; 

M,60 W; A,80 W; A, 100 W; control 

It has been reported that the reaction rate could be enhanced by pretreatment 
of enzyme with ultrasonic irradiation.7 In our study, It was found that the 
reaction proceeded quite slowly during the first 1 hour of reaction as indicated 
by the low ME content of the reaction mixture (10.9%) and then accelerated. It 
seems that there exists a period for the enzyme to be activated. So, we speculated 
that pretreatment of enzyme with ultrasonic irradiation might activate the 
enzyme and accelerate the enzymatic reaction. The results depicted in Table I 
well supports the hypothesis. 

Since the time enzyme was pretreated with ultrasonic irradiation could 
influence the reaction rate, effect of pretreatment time on the reaction was 
therefore investigated. As shown in Table II, the reaction rate increased with 
increasing pretreatment time up to 30 min. Further increase in the pretreatment 
time beyond 30 min, however, resulted in little change in reaction rate. So, the 
optimum pretreatment time was thought to be 30 min. 
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Table I. Effect of ultrasonic pretreatment of the enzyme on enzymatic 
transesterification of waste oil 

Pretreatment means Methyl ester content (wt%) 
Ultrasonic irradiation 19.4 
Shaking 12.1 
Control* 10.9 

Novozym 435 (66 U) was immerged into 10 g waste oil and then pretreated with 
ultrasonic irradiation (20 kHz, 80 W) at 40 °C for 30 min or with shaking at 40 °C and 
150 rpm for 30 min. Methanol (0.38 g) was added to the reaction mixture and the 
reactions were carried out at 40 °C and 150 rpm for 1 h. 

•Without pretreatment 

Table II. Effect of ultrasonic pretreatment time on enzymatic 
transesterification of waste oil 

Time (min) Methyl ester content (wt%) 
10 13.6 
20 17.1 
30 19.4 
40 19.5 
60 19.1 

Novozym 435 (66 U) was immerged into 10 g waste oil and pretreated with ultrasonic 
irradiation (20 kHz, 80 W) at 40 °C for a certain period of time. Methanol (0.38 g) was 
added to the reaction mixture and the reactions were carried out at 40 °C and 150 rpm for 
l h . 
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Reaction time(h) 

Figure 2. Time course of pretreated Novozym 435-catalyzed transesterification 
of waste oil Reaction was performed at 40 °C, 150 rpm by adding 0.38 g 

methanol into the mixture containing 10 g waste oil and 66 U Novozym 435 
pretreated or non- pretreated by ultrasonic irradiation (20 kHz, 80 W) at 40 °C 

for 30 min. 0.38 g Methanol was added at 5 and 10 h or at 6 and 8 h and 
glycerol was rinsed with acetone after each step, n, pretreated; m, non-

pretreated. 

9 10 
Batch 

Figure 3. Operational stability of pretreated Novozym 435. Reaction conditions 
were the same as in Figure 2 and three steps served as one batch with a total 

reaction time of 20 h. 
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Figure 2 depicts the time course of pretreated Novozym 435-catalyzed 
transesterification of waste oil. During the three-step batch reaction, the reaction 
time of each step reduced to 5 h, 5 h and 10 h from original 6 h, 8 h and 16 h and 
one third of the total reaction time was saved. On the other hand, Novozym 435 
pretreated by ultrasound showed good operational stability as indicated by a 
slight loss in activity after 10-batch operation (Figure 3). 

Conclusion 

Novozym 435-catalyzed transesterification of waste oil was markedly 
accelerated by pretreatment of the enzyme with ultrasonic irradiation at 20 kHz, 
80 W for 30 min and Novozym 435 pretreated with ultrasonic irradiation showed 
good operational stability and so are potential for biodiesel production. 
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Chapter 5 

Improving Enzymatic Transformation of Waste 
Edible Oil to Biodiesel by Adding Organic Base 

Zhi-feng Chen, Min-hua Zong*, and Hong Wu 

Lab of Applied Biocatalysis, South China University of Technology, 
1 Wushan Street, Guangzhou 510640, People's Republic of China 

The transesterification of waste edible oil and methyl acetate 
to biodiesel catalyzed by the immobilized lipase Novozym 435 
was explored. Novozym 435 could catalyze the 
transesterification of waste oil with high free fatty acid (FFA) 
content (up to 27.8%) and methyl acetate, and methyl ester 
(ME) yield reached 77.5% after a reaction time of 24 h, which 
was much lower than that with refined corn oil being the raw 
material (86.2%). FFA was demonstrated to be the major 
influential factor on the reaction, ME yield dropped sharply 
with increasing FFA concentration. Acetic acid, the by-product 
formed in the transesterification of FFA with methyl acetate, 
was found to be responsible for the decrease of ME yield. 
Addition of organic base trihydroxymethyl aminomethane and 
triethylamine at the concentration of 5% based on oil weight to 
the reaction system could not only speed up the reaction, but 
improve ME yield. 

© 2007 American Chemical Society 51 
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Introduction 

Wastes edible oil, originated from restaurants and household disposals, is 
creating serious problems of environmental control and food safety. Production 
of biodiesel with waste edible oil as feedstock not only could reduce disposal 
problems, but, more importantly, would decrease the cost of biodiesel. 

Presently industrial production of biodiesel from waste edible oil is 
performed by chemical alkaline catalysts, but it has been found that high content 
of free fatty acid (FFA) in waste edible oil (FFA>2%) would decrease the yield 
sharply due to soaps formed in the process (7). Several studies showed that 
enzymatic methanolysis with waste edible oil was a promising alternative owing 
to its mild reaction condition and free of chemical waste (2, 5). However, this 
conventional protocol was associated with many drawbacks such as deactivation 
of lipase caused by methanol and absorption of glycerol to lipase surface, thus 
resulting in serious negative effect on the reaction (4,5). 

Du et al (6) have recently reported that methyl acetate was an effective acyl 
acceptor for biodiesel production. To the best of our knowledge, the biodiesel 
production from waste edible oil with methyl acetate as the acyl acceptor has not 
yet been reported. Therefore, the transesterification of different kinds of waste 
edible oil to biodiesel with methyl acetate in a solvent free system was explored 
in this paper and the major influential factor on the reaction was further 
investigated. 

Experimental 

Materials 

One waste edible oil (WDO-1) was collected from fast food restaurant, the 
other (WDO-2) was obtained from local restaurant waste oil pool and pretreated 
with activated clay. The refined corn oil (RCO) was purchased from local 
supermarket. Novozym 435 (lipase Β from Candida antarctica, 164 U/g, lunit 
corresponds to the amount of enzyme that produces 1 μπιοί methyl oleate from 
triolein per minute at 35 °C) was kindly donated by Novo Nordisk Co. 
(Denmark). Methyl palmitate, methyl stéarate, methyl oleate, methyl linoleate, 
methyl linolenate and methyl heptadecanoate (as an internal standard) were 
purchased from Sigma (USA). All other chemicals were also obtained 
commercially and of analytical grade. 

Reaction 

The reaction was carried out at 40 °C and 150 rpm. The reaction mixture 
contained 5 g waste edible oil, 6.93 g methyl acetate with the molar ratio of 
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methyl acetate to total fatty acid being 16:3 and 246 U Novozym 435. The 
reaction conditions of the three-step methanolysis were the same as our previous 
study (7). Samples of 5 μΐ were periodically withdrawn and mixed with methyl 
heptadecanoate for GC analysis. 

Analysis 

The methyl ester (ME) yield in the reaction mixture was assayed with a 
GC2010 gas chromatography (Shimadzu Corp., Kyoto) equipped with a HP-5 
capillary column (0.53 mm χ 15 m, HP, USA). The column temperature was 
hold at 180 °C for 1 min, raised to 186 °C at 0.8 °C /min and kept for 1 min, 
then upgraded to 280 °C at the rate of 20 °C /min. Nitrogen was used as the 
carrier gas at 2 ml/min. Split ratio was 1:100 (v/v). The injector and the detector 
temperatures were set at 250 °C and 280 °C, respectively. The water content of 
the waste edible oil and refined corn oil were measured by Karl Fischer titration 
using 787 KF Titrino (Metrohm Ltd. Switerland). The FFA content and the 
Saponification value were determined by GB/T 5530-1998 and GB 5534-85, 
respectively. 

Results and Discussion 

The transesterification of different oil with methyl acetate was first explored 
(Figure 1). The ME yield of WDO-1 was close to that of RCO after reaction for 
24 h. However, the ME yield of WDO-2 was only 77.5%, which was lower than 
that of WDO-1 (85.2%) and RCO (86.2%). 

To determine the reason for the differences in ME yield, some important 
parameters of three kinds of oil were measured and depicted in Table I. The 
major difference was found to be in the content of FFA. So, the effect of the FFA 
on the reaction was subsequently investigated by adding different amounts of 
oleic acid into the refined corn oil. 

As depicted in the Figure 2, the higher the FFA content, the lower the ME 
yield, which was similar to the result achieved in Figure 1, suggesting that the 
FFA content was the key influential factor on the reaction. However, the initial 
reaction rate was not significantly different, indicating that FFA showed no 
negative effect to the enzyme activity. Thus, acetic acid, the by-product of the 
process, formed in the transesterification of FFA with methyl acetate might be 
responsible for the decrease of the ME yield. Different amounts of acetic acid 
were then added directly into the RCO and the results obtained well supports the 
hypothesis (shown in Figure 3). The reaction rate and the ME yield decreased 
with increasing acetic acid content. This can be explained by the change of pH in 
the micro-environment of enzyme and thus resulted in the inhibition of enzyme 
activity. 
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100 

11 , 1 . . , . , 1 . 1 
0 5 10 15 20 25 

Reaction time (h) 

Figure 1. Time course of the reaction. The reactions were carried out at 40 °C 
and 150 rpm and the reaction mixture contained 5 g waste edible oil, 6.93 g 

methyl acetate and 246 U Novozym 435. 

Table I. Main parameters of waste edible oil and refined oil 

WDO-1 WDO-2 RCO 
Water content (ppm) 320 300 250 

FFA content (%) 4.6 27.8 0.1 
Saponification value 193 191 187 

(mg KOH/g of sample) 
193 191 187 

To decrease the negative effect of acetic acid, some efforts have been tried 
by addition of different organic bases, such as trihydroxymethyl aminomethane 
(TB), triethylamine (TEA) and pyridine (PD) into the reaction mixture of WDO-
2 at the beginning of the transesterification As shown in Figure 4, the reaction 
rate was markedly enhanced during the process, on the other hand, the 
improvement of the ME yield was also observed. Among the organic bases 
studied, TB was found to be the best for the reaction. 

A comparative study of biodiesel production with WDO-2 using three-step 
methanolysis and one-step transesterification with methyl acetate was also 
conducted here. As can be seen in Figure 5, the ME yield of the three-step 
methanolysis after reaction for 72 h was 69.1%, which was much lower than 
those of the one-step transesterification with or without addition of organic base 
depicted in Figure 4, suggesting that the enzymatic transesterification with 
methyl acetate was more effective than the enzymatic methanolysis in solvent 
free system for biodiesel production. 
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100 

0 6 10 15 20 25 

Reaction time(h) 

Figure 2. Effect offree fatty acid on the reaction. The reactions were carried out 
at 40 °C and 150 rpm and the reaction mixture contained 5 g mixture of RCO 

and oleic acid, 6.93 g methyl acetate and246 UNovozym 435. 

100 

01 I . I . I i I ι I . I I 
0 2 4 6 8 10 

Acetic acid content (%) 

Figure 3. Effect of acetic acid on the reaction. The reactions were carried out at 
40 °C and 150 rpm and the reaction mixture contained 5 g RCO, 6.93 g methyl 

acetate and 246 U Novozym 435. Reaction time: (1) 1 h, (2) 6 h, (3) 12 h 
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100 

5 10 15 20 

Reaction time (h) 
25 

Figure 4. Effect of organic base on the reaction. The reactions were carried 
out at 40 °C and 150 rpm and the reaction mixture contained 5 g WDO-2, 6.93 

g methyl acetate, 246 U Novozym 435 and 0.25 g different organic base. 

100 

» 
>» 
LU 
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15 30 45 60 
Reaction time (h) 

Figure 5. Time course of three-step enzymatic methanolysis of WDO-2. Reaction 
was performed at 40 °C, 150 rpm by adding 0.38 g methanol into the mixture 
containing 5 g WDO-2 and 66 U Novozym 435, 0.38 g Methanol was added at 

24 and 48 h. 
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Conclusion 

Novozym 435, immobilized lipase from Candida antarctica, type Β could 
efficiently catalyze the transesterification of waste edible oil with methyl acetate. 
However, FFA affected the reaction clearly, and the ME yield drops sharply with 
increasing FFA concentration. Acetic acid, the by-product formed in the 
transesterification of FFA with methyl acetate, was proved responsible for the 
decrease of reaction rate and ME yield. Addition of organic base to the reaction 
system could not only speed up the reaction, but also improve the ME yield. This 
protocol seems to be an efficient alternative for the conversion of waste edible 
oil to corresponding methyl esters. 
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Chapter 6 

Performance and Characterization of NiO-MgO 
Solid Solution Modified with Noble Metals 
in Oxidative Steam Reforming of Methane 

under Pressurized Conditions 

Shigeru Kado1, Mohammad Nurunnabi1, Yuya Mukainakano1, 
Tomohisa Miyazawa1, Kenji Nakao1, Kazu Okumura2, 
Toshihiro Miyao3, Shuichi Naito3, Kimihito Suzuki4, 

Ken-ichiro Fujimoto4, Kimio Kunimori1, and Keiichi Tomishige1 

1Institute of Materials Science, University of Tsukuba, 1-1-1 Tennodai, 
Tsukuba-shi 305-8573, Ibaraki, Japan 

2Department of Materials Science, Faulty of Engineering, Tottori 
University, Tottori, Japan 

3Department of Applied Chemistry, Faculty of Engineering, Kanagawa 
University, Kanagawa, Japan 

4Advanced Technology Research Laboratories, Nippon Steel Corporation, 
Chiba, Japan 

The additive effect of noble metals to NiO-MgO solid solution 
on the activity and on the resistance to the carbon deposition in 
oxidative steam reforming of methane under pressurized 
condition (1.0 MPa) was investigated. It was found that the 
addition of small amount of Rh or Pd was effective to enhance 
the activity and to suppress the carbon deposition. The Pd and 
Rh K-edge EXAFS analysis indicated that M-Ni alloy phase 
(M=Rh or Pd) was formed, and FTIR spectra of CO 
adsorption suggests that the alloy could be formed on the 
surface of bimetallic particles. 

© 2007 American Chemical Society 59 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
00

6

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



60 

Introduction 

Steam reforming of natural gas on nickel-based catalyst is the most 
important process for the production of hydrogen and synthesis gas (7) as shown 
by equation (1) 

As described above, steam reforming of methane (Eq. (1)) is a highly 
endothermic reaction requiring external heating process, which causes low 
energy efficiency. In order to improve the efficiency, the internal heating process 
to utilize the exothermic reactions has been examined by adding oxygen to the 
reactant gases. In this case, the endothermic reaction during the reforming is 
compensated with the exothermic one such as methane combustion (Eq. (2)) and 
partial oxidation of methane (Eq. (3)). 

The most famous process of this method is autothermal reforming of 
methane (ATR) developed by Haldor Topsoe (2), in which the exothermic and 
the endothermic regions are separated to avoid the hot spot formation on the 
catalyst surface. Here, oxygen is introduced together with the reforming agents, 
and this is called oxidative reforming. When the oxygen is introduced to the 
nickel-based reforming catalyst, the catalyst loses the reforming activity by the 
deep oxidation of nickel metals at the hot spot (3-6). Therefore, this process still 
needs to be improved from the viewpoint of heat exchange between the 
exothermic and endothermic regions. Although noble metals such as Pt and Rh 
are suitable for oxidative steam reforming of methane (7, 5), they have problems 
in terms of the cost and limited availability. Recently, our group has reported 
that the addition of small amount of Pt to Ni catalyst drastically flattens the 
catalyst bed temperature gradient in oxidative reforming of methane due to the 
inhibition of the oxidation of Ni even under the presence of oxygen. The 
deactivation due to oxidation can also be inhibited (9-15). On the other hand, it 
has been reported that NiO-MgO solid solution catalysts exhibited high 
performance in steam and dry reforming of methane (16-22). Especially, the 
catalyst had high resistance to coke deposition, which is one of the most serious 
problems in the reforming process. However, these catalysts are not suitable for 
oxidative reforming of methane because of low reducibility of Ni in the solid 
solution (23). In order to enhance the catalyst reducibility, the noble metals such 
as Rh and Pd were added to NiO-MgO solid solution, and the additive effect was 
investigated. In this study, we have focused on the additive effect of noble metals 
to NiO-MgO solid solution on oxidative reforming of methane at pressurized 
condition, especially on the suppression of coke formation which can cause 
catalyst deactivation. 

CH4 + H 2 0 ->CO + 3H 2 ΔΗ29* = 206 kJ/mol 0 ) 

C H 4 + 20 2 — C 0 2 + 2H 20 ΔΗ29% = -803 kJ/mol 
C H 4 + l/20 2 — CO + 2H 2 ΔΗ29% = -36 kJ/mol 

(2) 
(3) 
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Experimental 

Catalyst Preparation 

Nio.2Mgo.80 solid solution was prepared by the solid reaction method from 
NiO (Wako Pure Chemical Industries Ltd., Japan) and MgO (UBE Material 
Industries Ltd., Japan). The mixture of NiO and MgO was calcined in the air at 
1423 Κ for 12 h. The formation of Ni0.2Mgo.80 solid solution was identified by 
X-ray diffraction (XRD) as reported previously (//). After the calcination, the 
BET surface area of Nio.2Mgo.8O was 2.6 m2/g. As a reference, MgO was 
calcined at the same temperature and the BET surface area was 5.7 m2/g. The 
loading of Rh or Pd on Ni 0. 2Mg0.8O and MgO was performed by the 
impregnation method using the aqueous solutions of Rh(N0 3) 3 and Pd(N03)2. 
After the impregnation, the catalysts were calcined at 773 Κ for 3 h. The loading 
amount of Rh was 0.035 wt%. Pd/Nio^Mgo.gO catalysts were prepared with 
different loading amounts of Pd from 0.1 wt% to 0.5 wt%. 

Catalytic Reaction 

Oxidative steam reforming of methane was carried out in a horizontal fixed 
bed flow reaction system under pressurized condition. The reactor was the same 
with that reported previously (10, 11). A quartz tube (inner diameter, 4.4 τητηφ) 
inside a stainless steel tube (inner diameter, 7.4 mm#) was used as the reactor, 
and the quartz tube was sealed by a silicon rubber gasket. At the outlet of the 
catalyst bed, the reaction temperature was monitored by a thermocouple, which 
was inserted into a thin quartz tube (thermowell). Catalyst reduction was carried 
out by hydrogen flow under atmospheric pressure at 1073 Κ for 0.5 h in each 
experiment. The partial pressure ratio of reactants was CH4/H2O/O2 = 2/1.5/1. 
Steam reforming (CH4/H20=1/1) and dry reforming (CH4/C02=1/1) of methane 
were also carried out in the same apparatus. The total pressure was 1.0 MPa; 30 
mg catalyst was used for each experiment. The length of the catalyst bed was 
about 4 mm. Contact time WIF was 0.43 ghmol"1. The effluent gas was analyzed 
with an FID gas chromatograph (GC) (Gaskuropack 54) equipped with a 
methanator for CH 4 , CO and C0 2 . TCD-GC (Molecular Sieve 13X) was used 
for H 2 analysis. 

Characterization 

Thermogravimetric analysis (TGA) for the estimation of carbon amount was 
carried out by using a Shimadzu DTG-60 apparatus. The analysis was done with 
10 mg catalysts under flowing air (20 cm3/min) at 15 K/min heating rate. The 
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amount of carbon was estimated from the exothermic weight loss between 800 Κ 
and 1000 K. 

SEM and TEM images were taken using the catalyst after the reduction 
(fresh) and stability test (used). SEM images were observed by S-3000 Ν 
(HITACHI). TEM images were taken by means of JEM-2010F (JEOL) 
equipment operated at 200 kV. The samples were dispersed in 2-propanol by 
supersonic waves and put on Cu grids for the TEM observation. 

Rh K-edge and Pd K-edge Extended X-ray absorption fine structure 
(EXAFS) was measured at the BL-10B of the Photon Factory at the High Energy 
Accelerator Research Organization in Tsukuba, Japan. The storage ring was 
operated at 2.5 GeV with ring current of 300-450 mA. A Si(311) single crystal 
was used to obtain monochromatic X-ray beam. The structural parameters of the 
samples were obtained by the curve-fitting method using Rh foil and Pd foil as 
model compound and FEFF program (24). The details of the preparation of 
samples and the treatment of EXAFS data were described elsewhere (25, 26). 

Fourier transform infrared (FTIR) spectra of CO adsorption were recorded 
with a Nicolet Magna 550 spectrometer equipped with an MCT detector 
(resolution: 4 cm"1) in a transmission mode, and an in-situ IR quartz cell with 
CaF2 windows was used. After the sample was pretreated in the cell, CO (0.13 
kPa) was introduced, and the spectra were obtained after the evacuation. 

Results and Discussion 

The effect of modification by noble metals on Ni0.2Mg0.8O solid solution 
catalyst for oxidative reforming of methane (CH 4 /H 2 0/0 2 = 2/1.5/1) was 
examined at 973 K, 1.0 MPa total pressure and WIF of 0.43 ghmol"1. Figure 1 
shows the results of Ni0.2Mg0.8O and M/Ni0.2Mg0.8O (M=Rh or Pd) as well as 
M/MgO as references. High methane conversion was obtained on Nio.2Mg0.80 
with and without noble metal addition. This indicates that the existence of Ni is 
essential. Low methane conversion can be related to the low loading amount of 
noble metals on Rh/MgO and Pd/MgO. From the results in Figure 1, it is also 
found that 0.035% Rh/Nio.2Mgo.80 and 0.1% Pd/Ni0.2Mg0.8O catalysts exhibited 
high stability. 

Furthermore, we also measured the amount of deposited carbon on the 
catalyst surface after these activity tests. The results are shown in Figure l-(d), 
and we plotted the relation to the deactivation rate over Pd/Ni0.2Mg0.8O, 
Ni0.2Mgo.80 and Pd/MgO. Here, the deactivation rate is defined as follow, {(CH4 

conv. at 0.5 h) - (CH 4 conv. at 8 h)}/( C H 4 conv. at 0.5 h) χ 100. As shown in 
Figure l-(d), the deactivation rate is strongly related to the amount of carbon 
deposition, and this suggests that the catalyst deactivation can be caused 
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Figure 1. Catalytic performance in oxidative reforming of methane (a-c) 
as a function of time on stream and relationship between carbon 

deposition and deactivation rate (d). 
(X) Nio.2Mgo.3O, (·) 0.035% Rh/Ni0.2Mgo.80, (m) 0.1% Pd/Ni0.2Mg0.8O, (A) 
0.5% Pd/Ni0.2Mgo.80, (o) 0.035% Rh/MgO, (a) 0.1% Pd/MgO, (A) 0.5% 

Pd/MgO. Reaction conditions: CH4:H20:02 =2:1.5:1, W/F=0.43 gh/mol, 
catalyst weight^ 0.03g, reaction temperature^ 973 K, total pressure^ 1.0 MP a. 
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mainly by carbon deposition. It should be noted that 0.1% Pd/Nio.2Mgo.gO 
exhibited much higher resistance to carbon deposition than 0.1% Pd/MgO and 
Ni0.2Mg0.eO. This indicates the synergy between Pd and Ni0.2Mg0.sO in 
resistance to carbon deposition. In addition, no carbon was formed on Rh/ 
Ni0.2Mg0.gO and Rh/MgO. In the case of Pd/ Ni0.2Mg0.gO, the loading amount of 
Pd can strongly influence the synergistic effect, and 0.1% was more effective 
than 0.3 and 0.5%. 

Figure 2. SEM images of catalysts after stability test, (a) 0.5% Pd/MgO, 
(b) 0.5%Pd/Nio.2Mgo.80, (c)Nio.2Mgo.80, (d) 0.1% Pd/'Ni0.2Mg0.8O. 

Stability test conditions are described in Figure 1. 

Over Pd/MgO catalysts, large amount of carbon was deposited during 
oxidative steam reforming of methane at 1.0 MPa, and the amount increased 
with increasing loading amount of Pd on MgO. And almost the same amount of 
deposited carbon was obtained over 0.5% Pd/Nio^Mgo.sO. As shown in Figure 
2-(a) and Figure 2-(b), it was found that the most part of catalyst surface of 
0.5% Pd/MgO and 0.5% Pd/Ni0.2Mg0.gO after the activity test was covered with 
large amount of deposited carbon. Although TEM observation of used 0.5% 
Pd/NiojMgo.gO was also carried out, the image was not clear due to too much 
deposited carbon as shown in Figure 3-(d). The metal particles were hardly 
recognized because they were embedded in the carbon. 
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Figure 3. TEM images of catalysts after reduction (a,b ,c) and stability test, 
(d, etfi. (a, d) 0.5%Pd/Ni0jMgo.80, (b;e) Ni0.2Mga8Of (c,f) 0.1% 

Pd/NiojMgo.eO. Stability test conditions are described in Figure 1. 

The carbon deposition on Ni0.2Mg0.eO was as large as 7wt% after the 
stability test of oxidative reforming of methane (Figure l-(d)). The SEM image 
of used Ni0.2Mg0.gO is shown in Figure 2-(c). The morphology of deposited 
carbon on Ni0.2Mg0.gO seems to be different from that of 0.5% Pd/MgO and 
0.5% Pd/Nio.2Mg0.gO. The carbon deposited on Ni0.2Mg0.gO seems to be so-
called carbon-fibers, being thinner and longer than the carbon on 0.5% 
Pd/NiMgO. From the TEM observation (Figure 3-(e)), it was easy to find the 
carbon-fibers possessing the aggregated metal particles on the tip. And most of 
carbon-fibers seemed to be hollow. 

On the other hand, 0.1% Pd/Ni0.2Mg0.gO showed remarkably high resistance 
to carbon deposition. Even after the stability test at 1.0 MPa for 8h, the amount 
of deposited carbon was estimated to be almost zero, as shown in Figure l-(d). 
This result is also supported by the SEM and TEM observation, as shown in 
Figure 2-(d) and Figure 3-(f), respectively. Most part of the catalyst surface was 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
00

6

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 

http://Ni0.2Mg0.eO
http://Ni0.2Mg0.gO
http://Ni0.2Mg0.gO
http://Ni0.2Mg0.gO


66 

still clean without carbon deposition after the stability test. Figures 3 (a-c) show 
the TEM images of the fresh catalysts. Average particle size (27) can be 
estimated to be 7.6±0.6, 6.2±0.5 and 4.7±0.5 nm over 0.5% Pd/Ni0.2Mg0.8O, 
Ni0.2Mg0.eO and 0.1% Pd/Ni0.2Mg 0. 8O, respectively. The difference in metal 
particle size is so small, and the resistance to carbon deposition can not be 
explained by the difference in the metal particle size. 

Figure 4 shows catalytic performance of dry and steam reforming of 
methane over Ni 0. 2Mg 0. 8O, 0.1% Pd/Nio.2Mgo.80 and 0.1% Pd/MgO. In both 
cases, the order of methane conversion was as follows; 0.1% Pd/Ni0.2Mg 0. 8O > 
Ni 0 2Mgo. 80 > 0.1% Pd/MgO. This behavior is almost similar to that of oxidative 
steam reforming of methane. On the other hand, methane conversion decreased 
gradually with time on stream in both reactions over these three catalysts, 
although the stable activity was obtained over 0.1% Pd/Ni0.2Mgo.80 during 
oxidative steam reforming of methane. 

50 

* 40 

'g 30 

S 20 

1 f 10 s 

(a) 

• • • • • • • 

! • ' 
0 1 2 3 4 5 6 7 8 

Time on stream/ h 

0 1 2 3 4 5 6 7 8 

Time on stream / h 

2 3 4 5 6 

Time on stream/ h 
1 2 3 4 5 6 7 

Time on stream/h 

Figure 4. Catalytic activity and stability for steam and dry reforming of methane. 
(a, b) CH</H20=l/lt (ct d) CH/C02=1/1. (*) Ni0.2Mg0.8Ot (m) 0.1% 

Pd/NiojMgo.sO, (n) 0.1% Pd/MgO. Reaction conditions: catalyst weight: 0.03 g, 
reaction temperature 973 K, total pressure: 1.0 MP a, W/F: 0.43 ghmoT1. 
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Figure 5 shows the relationship between the carbon deposition and 
deactivation rate in steam, dry and the oxidative steam reforming. This 
observation suggests that the deactivation was strongly related to the coke 
formation on the catalyst in every method of reforming. The amount of carbon 
deposition was in the order of dry, steam and the oxidative reforming of methane. 
Ni0.2Mg0.eO has showed the highest resistance to the carbon deposition, but 
under pressurized condition the coke formation on Ni0.2Mg0.sO was as large as 
that on 0.1% Pd/MgO. Although 0.1% Pd/Nio.2Mgo.80 catalyst was able to 
reduce the carbon deposition in dry and steam reforming, it was still as large as 
10wt%. On the other hand, 0.1% Pd/Ni0.2Mg0.8O has a possibility to suppress 
carbon deposition completely in oxidative reforming of methane, even under 
pressurized condition. 

0 10 20 30 40 
Carbon deposition / % 

Figure 5. Relation between carbon deposition and deactivation rate in the 
reaction tests of steam (H20), dry (CO2) and the oxidative steam (02+H20) 

reforming of methane over 0.1% Pd/Ni02Mg08O (m), Ni0.2Mg0.8O (o) and 0.1% 
Pd/MgO (·). Reaction conditions are described in Figures 1 and 5. 

Structural Characterization of Modified NiO-MgO by Small Amount of 
Noble Metals using EXAFS and CO-FTIR 

Figure 6 and Table 1 show the results of EXAFS spectra of MgO and 
Ni0.2Mg0.sO supported Rh and Pd catalysts after hydrogen reduction. Based on 
the results mentioned above, the catalysts with lower loading amount of noble 
metal are more important. However, the loading amount is too small for the 
EXAFS measurement. Therefore, we showed the results of 0.5 wt% catalysts. 
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Distance / 0.1 nm Distance / 0.1 nm 

Figure 6. Fourier transform of k3-weighted Rh K-edge (a) and Pd K-edge (b) 
EXAFS of reduced catalysts, 

(a) FT range = 35-127 nm1, (b) FT range = 35-124 nm1. 

Table 1. Curve Fitting Results of Rh and Pd K-edge EXAFS of 0.5% Rh 
and Pd Catalysts after Reduction at 1073 Κ 

Samples Shells Of Λ* à ΔΕο" Λ ; 
/m'nm /eV /% 

0.5% Rh/MgO Rh-Rh 9.7 2.67 0.076 2.1 0.51 
0.5% Rh/Nio.2Mg0.jO Rh-Rh 7.4 2.65 0.093 9.6 

Rh-Ni 3.8 2.51 0.087 -8.1 0.48 
Rhfoil Rh-Rh 12 2.68 0.060 
0.5% Pd/MgO Pd-Pd 8.0 2.72 0.088 -0.7 1.0 
0.5% Pd/Nio.2Mgo.80 Pd-Pd 8.6 2.71 0.114 6.2 1.0 

Pd-Ni 2.7 2.53 0.118 -8.6 
Pd foil Pd-Pd 12 2.72 0.060 0.0 

Coordination number, ^ond distance, cDebye-Waller factor, difference in the origin of 
photoelectron energy between the reference and the sample, Tlesidual factor, Fourier 
transform range: 35-127 nm"1 for Rh and 35-124 nm'1 for Pd, Fourier filtering range: 
0.160-0.280 nm for Rh and 0.170-0.295 nm for Pd. 

In die case of Pd/MgO and Rh/MgO, good fitting was obtained by only the Pd-
Pd and Rh-Rh bond. In contrast, the contribution of Pd-Ni or Rh-Ni bond as well as 
Pd-Pd and Rh-Rh bond was observed. The bond length of Pd-Ni and Rh-Ni was close 
to that of the Ni-Ni bond (0.249 nm) in the Ni metal phase. This suggests the 
formation of Pd-Ni and Rh-Ni alloy with high Ni content. In addition, the 
coordination number of Rh-Ni on Rh/Nio.2Mgo.80 was larger than that of Pd-Ni on 
Pd/Nio.2Mgo.80. This suggests that Ae interaction of Rh-Ni is stronger than Pd-Ni. 
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In order to evaluate the surface properties of the metal particles, we 
measured the FTIR spectra of CO adsorption on reduced fresh catalysts as 
shown in Figure 7. On Ni0.2Mg0.sO catalyst, two peaks at 2050 cm"1 and 1930 
cm'1 due to linear and bridge CO species (18, 28-30) were observed. It is 
characteristic that the intensity of bridge CO is relatively strong compared to 
that of linear CO. The addition of Rh changed the CO adsorption profile even 
when the additive amount of Rh is rather small. On 0.035% Rh/Ni 0.2Mg 0. 8O, the 
peak due to linear CO at 2050 cm"1 became broad and it seems that two peaks 
are overlaped, one is linear CO on Ni and the other is linear CO on Rh (31-34). 
The peak due to bridge CO at 1938 cm"1 became weaker than that due to linear 
CO. These results suggest that Rh atoms are located on the surface of metal 
particles even though the Rh amount is very small. 

In the case of Pd/Ni0.2Mg0.sO, a new peak at 1980 cm"1 appeared. As a 
reference, the spectrum of 0.5% Pd/MgO is also shown in Figure 7. According 
to the previous reports (35-40), the peak at 1970 cm"1 is assigned to bridge CO 
on Pd and the peak at 1900 cm"1 is assigned to CO adsorbed on the 3-fold 
hollow site of Pd surface. From the comparison of spectra between Pd/MgO and 
Pd/Nio.2Mgo.sO, the peak at 1980 cm"1 can be assigned to bridge CO on Pd. This 
indicates the presence of Pd on the surface of metal particles, and the peak shift 
can be related to the formation of Pd-Ni alloy. 

It is possible to determine the ratio of noble metal to metallic nickel (M/Ni°, 
M=Rh and Pd) from the amount of H 2 consumption in the temperature-
programmed reduction profile, and it was in the range of 0.01 to 0.05 (10). 

2150 2050 1950 1850 1750 
Wavenumbers / cm"1 

Figure 7. FTIR spectra of CO adsorption. 
CO was evacuated before measurement 

after adsorption at 0.13 kPa at room temperature. 
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If this average composition of noble metals in M-Ni alloy is true for the surface 
composition of M-Ni alloy particles, it is too low to obtain the drastic change in 
FTIR spectra as shown and discussed in Figure 7. Therefore, it can be concluded 
that the surface composition of M/Ni° was much higher than the average one, 
probably because of surface segregation of noble metals in M-Ni alloy particles. 
This surface M-Ni alloy phase is suggested to cause the high performance of the 
oxidative methane reforming of methane. 

Conclusions 

Modification of NiO-MgO solid solution by small amount of noble metals, 
such as Rh and Pd was effective to improve the catalytic activity for oxidative 
reforming of methane under pressurized condition. In the case of Pd addition, the 
loading amount was very important and excessive addition of Pd had negative 
effect on the activity and stability. Especially, it was found that the deactivation 
rate can be strongly related to the amount of carbon deposition. The tendency of 
steam and dry reforming of methane was similar to that of oxidative reforming of 
methane. It should be noted that the catalyst made of 0.1% Pd/Nio^Mgo.eO 
showed quite high stability and resistance to coke formation even under 
pressurized condition, while 0.5% Pd/Nio^Mgo.eO exhibited lower activity and 
stability than NiO-MgO itself and promoted the carbon formation. From the 
structural analysis using EXAFS and FTIR, it was evident that the alloy phase 
can be formed between Ni and noble metals (Rh and Pd) and located mainly on 
the surface of metal particles. This alloy phase and its composition on the 
surface is considered to influence strongly the catalytic performance and stability 
of the modified catalysts. 
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Chapter 7 

Multifunctional Catalyst for Fischer-Tropsch 
Synthesis 

Mitrajit Mukherjee and Sankaran Sundaresan 

Exelus Inc., 99 Dorsa Avenue, Livingston, NJ 07039 

A first-of-a-kind multifunctional catalytic system is being 
developed to convert synthesis gas into synthetic crude via the 
Fischer-Tropsch reaction. This is achieved through 
intensification of chemical reaction and heat and mass 
transport processes within the catalyst system. The synergistic 
integration of intensified unit operations with chemical 
reaction leads to enhanced catalyst performance and 
significant economic advantages. 

Gas-To-Liquids (GTL) technologies offer opportunities to convert natural 
gas into premium transportation grade fuels. The GTL process first converts 
natural gas to synthesis gas (a mixture of CO & H 2) by partial oxidation of 
methane, steam reforming of methane or a combination of both called auto-
thermal reforming. Syngas (synthesis gas) is then upgraded into a range of 
products termed 'synthetic crude' via the Fischer-Tropsch (FT) reaction. The 
major advantage of the GTL process is the exceptional quality of its products, 
which can easily meet current and future anticipated clean fuels specifications. 

The initial gas-to-liquids complexes implemented in the 1980s and early 
1990s were not commercially successful for a number of reasons - the main one 
being that they were far too expensive. Although improvements in technology 
have been achieved during the past decade, GTL complexes are still very 
expensive propositions. The other problem with GTL projects is scalability. The 
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lowest capacity of the three commercial GTL processes available requires 
throughput of at least lOOxlO6 ft3/day of natural gas to be within its viable range 
and have minimum estimated installed costs of about $1 billion for a 34,000 
barrels/day facility (/). This paper summarizes the development of a break­
through FT technology that has the ability to significantly improve the 
economics of the process using a multi-functional catalytic system. The cost 
reduction potential using this next-generation FT technology provides a very 
strong springboard for overall GTL process viability. 

Fischer-Tropsch Process Technical Challenges 

The Fischer-Tropsch process presents many technical challenges due to its 
unique reaction chemistry and high heats of reaction. The selectivity of the 
process is usually described by the Anderson-Schulz-Flory (ASF) distribution 
and the characteristic chain growth probability, a. High chain growth 
probabilities (a >0.90) are regarded desirable as they lead to high selectivities of 
heavy components (2), which subsequently can be converted to liquid fuels 
rather easily. Product distribution or product selectivity (a) depends heavily on 
the type and structure of the catalysts and on the reactor type and operating 
conditions. 

FT Catalyst Design Issues 

The most common FT catalysts are Group VIII metals (Co, Fe, Ru, etc.) (5). 
Most early FT catalysts were Fe-based systems mainly due to its low cost. 
Cobalt catalysts give the highest yields, longest lifetimes and yield 
predominantly linear alkanes. A large number of papers have focused on the 
optimization of metal. However limitations in pore diffusion within the support 
lead to lower C 5 + product selectivity. Even though the reactants are in the gas 
phase, the pores of the catalyst are filled with liquid products. The diffusion 
rates in the liquid phase are typically three orders of magnitude slower than in 
the gas phase, and even slow reactions may be diffusion limited in the liquid 
phase. As the ratio between hydrogen and carbon monoxide concentration is 
important, the difference in diffiisivity between hydrogen and carbon monoxide 
result in selectivity changes. Increasing the transport limitations leads to CO 
depletion and enhanced hydrogénation reactions, resulting in lower selectivities 
to C 5 + . Hence, key to an effective FT catalyst design lies in optimizing both the 
catalyst composition and its diffusional characteristics. 
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FT Reactor Design Issues 

The FT synthesis reaction is strongly exothermic, requiring highly effective 
heat transfer. Multi-tubular fixed-bed and slurry bubble columns (4) have been 
the reactors of choice for low-temperature Fischer-Tropsch synthesis. The large 
support particles in fixed-bed reactors result in poor intra-particle mass transfer 
characteristics and the space-time yield is limited by heat transfer in the catalyst 
bed. The slurry system gives rise to significantly improved mass transfer 
characteristics within the catalyst particles, but the separation of the catalyst 
from the product can be troublesome. Back-mixing renders the slurry reactor 
less efficient in terms of reactor volume than a plug flow reactor. A principal 
advantage of slurry bubble column reactors (BCR) over fixed-bed reactors is 
that the presence of a circulating/agitated slurry phase greatly increases the heat 
transfer rate to cooling surfaces built into the reactor. As a result, conventional 
reactors are unable to satisfy all requirements simultaneously. 

New Development Approach 

In commercial-scale FT reactors, non-idealities in flow distribution and 
inefficient inter-phase transport rates reduce the effectiveness of the catalyst 
significantly. As a result, large improvements in catalyst performance alone do 
not translate to large improvements in reactor performance. 

Researchers at Exelus are developing a first-of-a-kind catalytic system for 
multi-phase reactions that blurs the line of distinction between the reactor and 
catalyst by incorporating many features one associates with a reactor within the 
catalyst body. The new multifunctional catalyst system, called the HyperCat-FT, 
has a controlled structure at scales ranging from the nano- (pore level) to the 
macro-scale (reactor level). By creating 'structure' on various length scales, the 
HyperCat-FT system is able to achieve superior control of the micro-
environment at the catalytic sites through higher rates of gas-liquid and liquid-
solid heat and mass transfer while minimizing pore-diffusion limitations. The 
high level of control allows ideal reaction conditions to prevail at the active 
sites, enhancing catalyst performance leading to significantly higher activity and 
product selectivity. As a result, reactor productivity is enhanced and the active 
catalyst volume can now be reduced by 50% or more over a conventional slurry 
bubble column reactor. The higher levels of inter-phase heat transfer also allow 
steam coils (a low-cost item) to be used for removing reaction heat instead of 
expensive shell-and-tube reactor designs. These characteristics result in a 
significant reduction in the cost of the Fischer-Tropsch reactor, leading to a 
corresponding decrease in the cost of a GTL complex. 
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Conventional Catalytic Process 

HyperCat 

Residence Time 
Distribution 

Figure 1. Concept for a new multifunctional FT-catalyst. 

Results and Discussion 

Gas Hold-Up 

Gas hold-up is a critical parameter in characterizing the hydrodynamic 
behavior and hence the performance of a bubble column reactor. It determines: 
a) the reaction rate by controlling the gas-phase residence time and b) the mass-
transfer rate by governing the gas-liquid interfacial area. It is mainly a function 
of the gas velocity and the liquid physical properties. 

The gas hold-up of the HyperCat system was studied using an air-water 
system. The gas superficial velocities were varied from 0.1-1.0 m/s. The results 
are shown in Figure 2. The HyperCat gas hold-up is slightly lower than that in a 
conventional bubble column reactor (~ 30% reduction) and comparable to that in 
a slurry bubble column with 30-35% solids concentration (4). 

Liquid-Phase Axial Dispersion 

The liquid phase axial dispersion in bubble column reactors is very high 
making them effectively back-mixed reactors for industrial-scale systems. 
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Figure 2. Gas hold-up - HyperCat versus empty bubble column. 

Liquid mixing in bubble columns is a result of global convective re-circulation 
of the liquid phase and turbulent diffusion due to eddies generated by the rising 
bubbles. By structuring the gas and the liquid flow, HyperCat reduces the axial 
dispersion for both phases leading to a large reduction in axial dispersion 
coefficients (DAX). The real benefit of this reduced dispersion is that it is not a 
function of the column diameter (D c) as is the case with conventional bubble 
column reactors. 

We have measured the liquid phase D A X for a range of gas velocities (UG) 
shown in Figure 3. The dispersion values measured for the HyperCat are more 
than two orders of magnitude lower than those found in commercial scale 
reactors - which means that the HyperCat reactor will behave like a plug-flow 
reactor for both the liquid and gas-phases. Dekwer (5) previously estimated 
commercial bubble column performance. 

Heat Transfer 

The hydrocarbon product spectrum produced by a FT catalyst is highly 
dependent upon catalyst temperature. The reaction is highly exothermic and, if 
rates of heat removal from the catalyst are not sufficiently high, "hot-spots" will 
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Figure 3. Liquid phase axial dispersion in HyperCat and Bubble Columns 

form which will result in degradation of the product. Also, if the catalyst is 
exposed to too high a temperature, carbon will be formed, which may damage 
the structural integrity of the catalyst. 

The HyperCat's unique design enables it to achieve high rates of heat-
transfer despite a low liquid phase axial dispersion. In addition, the presence of 
gas bubbles in the heat-transfer zone allows continuous replacement of the 
liquid film in contact with the heat-exchanger surface, leading to heat transfer 
rates which are similar to that obtained in a bubble column reactor under 
comparable gas velocities. However, since the HyperCat system will operate at 
higher gas velocities than possible in a slurry bubble column system, the heat 
transfer coefficient will be higher for the HyperCat system. The heat transfer 
coefficient of the HyperCat system was measured using an air-water system and 
the results are shown in Figure 4. To put the results in perspective, the HyperCat 
modules were removed from the reactor and the heat transfer coefficient were 
measured for a conventional bubble column reactor without any solids. 

The data clearly shows that the heat transfer from the bulk liquid to the 
walls of the heat-transfer tubes is about 15-20% higher for the HyperCat as 
compared to a conventional bubble column reactor. 

Catalyst Performance 

A major stumbling block in converting structured carriers into structured 
catalysts is that for the same amount of active catalyst loading, structured 
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Figure 4. Heat-transfer characteristics of the HyperCat system. 

45 

catalysts give much lower activities than traditional powder catalysts. To 
compare performance of the powder catalyst and the HyperCat on an equivalent 
cobalt weight basis we used the data from the powder catalyst to generate CO 
conversion for the given condition as a function of the Damkohler number (ki). 
The data from the HyperCat was then used to plot CO conversion as a function 
of "equivalent Damkohler number" which corrects for the slightly lower cobalt 
loading for the HyperCat-FT system (Figure 5). 

It is very clear from the data above that there is virtually no difference in the 
performance of the HyperCat as compared to the powder catalyst. This result is 
extremely important in light of other efforts being made to develop structured 
catalysts for Fischer-Tropsch reaction, which show that the activity of the 
structured catalyst is always lower than the powder catalyst (6). 

Comparison with slurry bubble column reactor 

Finally, we studied the effect of liquid dispersion on catalyst performance 
by comparing the performance of the powder catalyst in a bubble column reactor 
with the HyperCat-FT system. As shown in Figure 6, the CO conversion is 
much lower for a low Peclet number (bubble column reactor with a back-mixed 
liquid phase) as opposed to a higher Peclet number for the HyperCat system. 
The tests were conducted under the same process conditions and Damkohler 
number. The change in Peclet number did not change the liquid product 
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Figure 5. HyperCat-FT catalyst performance compared to powder FT catalyst. 

distribution or the methane selectivity - which appear to be mainly a function of 
reaction temperature and pressure. 

Comparison with current FT processes 

The Fischer-Tropsch reactor design challenge can be distilled down to the 
following critical issues: 

1. Achieve a high conversion per pass, in order to achieve high yields and 
reduce recycle and investment costs. 

2. Eliminate the solids handling issue. 
3. Provide high heat-transfer rates to remove the large reaction heat. 
4. Minimize pore and film diffusion limitations (7). 

As seen from the above analysis, issues 1 and 2 can be easily met in a fixed-bed 
reactor, while issues 3 and 4 are more suitable in a back-mixed bubble column 
reactor. However, one reactor alone is unable to satisfy all four requirements 
simultaneously. 
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As shown in Figure 7, HyperCat integrates the inter-phase transport 
advantages of slurry operation, die scalability of fixed-bed operation and the 
high heat removal ability of liquid-phase operation in one neat package. We 
believe that the synergistic combination of these characteristics will allow 
development of a practical, cost-effective 3rd generation FT technology that cuts 
investment costs by ~ 35%. 

Conclusions 

Exelus has developed a novel structured catalytic system that allows one to 
meet all four criteria in a single catalytic system. HydrodynamiC tests reveal that 
the HyperCat has similar gas hold-up as a slurry bubble column reactor but with 
a much lower liquid axial-dispersion coefficient. Cold-flow studies appear to 
indicate that the heat-transfer coefficient of this new system is similar to a 
bubble column reactor. Catalyst performance tests reveal that the performance 
of the HyperCat is similar to that of a powder catalyst when used in a plug-flow 
reactor. 
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Figure 7. Characteristics of conventional FT reactors compared with HyperCat. 
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Chapter 8 

The Effect of Pressure on CO 2 Reforming of Methane 
and the Carbon Deposition Route Using Noble Metal 

Catalysts 

Abolghasem Shamsi and Christopher D. Johnson 

National Energy Technology Laboratory, U.S. Department of Energy, 3610 
Collins Ferry Road, Morgantown, WV 26505-0880 

Dry reforming of methane and 13C-labeled methane were 
studied over Pt/ZrO2, Pt/Ce-ZrO2, and l%wtRh/Al2O3 at 
several pressures. It appears that carbon deposited on the 
catalysts resulted from both methane and CO 2. The presence of 
approximately equal ratios of 13C- and 12C-containing products 
suggests that the oxygen exchange reaction between CO and 
CO2 is very fast. Temperature-programmed oxidation of 
carbon formed on the catalysts indicates that CO 
disproportionation contributes significantly to carbon 
deposition at lower and higher pressures. The Rh/alumina 
supported catalyst is the most resistant toward carbon 
deposition both at lower and higher pressures. In all catalysts, 
methane and CO2 conversions as well as H2/CO ratios 
decreased with increasing pressure. 

U.S. government work. Published 2007 American Chemical Society. 87 
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Introduction 

Natural gas, which is mostly methane, is primarily used for heating and 
electrical production. Currently, natural gas reserves are nearly as large as oil 
reserves and new reserves of natural gas are constantly being found. The 
economic use of natural gas, however, depends on its locality. It is not normally 
feasible to ship natural gas from remote areas to population centers. For instance, 
the north shore of Alaska has large natural gas reserves along with oil, but the 
natural gas is re-injected because the cost of transporting the gas is too 
expensive. Two available options at this time for bringing that resource to 
market are, building a pipeline, or cryogenic liquefaction. An alternative would 
be to chemically convert the gas to liquid and then transport it with the current 
infrastructure. To convert methane to liquid, it is first necessary to make 
synthesis gas and then convert the synthesis gas to liquid by methanol synthesis 
or Fischer-Tropsch reaction. The most costly part of the overall conversion is the 
production of synthesis gas. 

Three different routes, or combinations of these, can be used to produce 
synthesis gas from methane. These are steam reforming, C 0 2 reforming and 
partial oxidation. Each has its advantages and likewise has drawbacks. Steam 
reforming, which is a common industrial method of synthesis gas production, is 
very endothermic, as seen in the equations below. It also produces an H 2/CO 
ratio of about 3/1, which is good for hydrogen production, but is too high for 
fuel synthesis. Methanol and Fischer-Tropsch synthesis use a H 2/CO ratio of 
about 2/1. 

C H 4 + C 0 2 <-> 2CO + 2H 2 ΔΗ° = 247 kJ/mol 

C H 4 + H 2 0 <-»CO + 3H 2 ΔΗ° = 206 kJ/mol 

CH4 +!/2θ2 <r> CO + 2H 2 ΔΗ° = -35.7 kJ/mol 

C 0 2 reforming of methane can be used to adjust the H 2/CO ratio and provide the 
correct H 2/CO ratio for Fischer-Tropsch synthesis and could potentially be used 
to reduce C 0 2 emissions from other processes; however, it is even more 
endothermic than steam reforming. Partial oxidation is exothermic and has the 
correct H 2/CO ratio for methanol synthesis, but requires a pure oxygen source, 
adding to the cost. In addition to the individual drawbacks, all of these processes 
must be run with O/C ratios of greater than 1 to prevent coking of the catalyst. 
This makes the processes more expensive in practice than would be expected 
under optimized conditions for the stoichiometric reactions. The propensity of 
these processes to form carbon at low O/C ratios is even more pronounced at 
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high pressures where, in industry, they would need to be run to minimize reactor 
size and energy use. Clearly, creating new catalysts that kinetically inhibit 
carbon formation would make all of these reactions more efficient. We have 
chosen to focus on the CO2 reforming of methane as a test reaction since carbon 
formation in this reaction is more pronounced, and because we are also 
interested in the potential of this reaction for C 0 2 remediation. 

Numerous research groups have focused their efforts on reducing carbon 
formation in the C 0 2 reforming reaction.1"8 For the most part, they have been 
carried out these experiments at atmospheric pressures, but several have also 
looked at carbon formation at high pressure. Tomishige et a l . 9 1 0 have 
investigated the effects of pressure on dry reforming over a Nio.03Mgo.97O solid 
solution catalyst that, under atmospheric pressure, is very resistant to carbon 
deposition. Song et al. have reported preliminary results of high-pressure 
reaction over Ni/Na-Y and Ni /Al 2 0 3 catalysts11 as well as ruthenium catalysts12 

on the same supports. The effects of pressure are very similar in all cases, both 
methane and C 0 2 conversion rates decreased, the H 2/CO ratio decreased, and the 
rate of carbon deposition increased. Our own studies with Pt/Zr02, Pt/Ce-Zr02, 
and Rh/Al 2 0 3 catalysts have given similar results.13 

The higher rate of carbon deposition on reforming catalysts at high pressure 
leads naturally to the question of whether the source of carbon at elevated 
pressures is the same as at 1 atmosphere. It is known that the predominant 
sources of carbon on methane reforming catalysts are CO disproportionation and 
methane decomposition. An understanding which of these carbon formation 
routes is the primary contributor at high pressure is necessary information in 
developing catalysts that will prevent or reduce carbon formation under 
industrial reaction conditions. For this reason we have undertaken a 13CH4 
labeling study to compare the relative contributions of methane and C 0 2 as the 
sources of carbon formation at low and high pressures. 

Experimental Section 

The Pt/Zr02 and Ce-promoted catalysts were prepared as described by 
Stagg and Resasco.14 Al l catalysts were reduced at 500°C for one hour before the 
reaction. The dry reforming reaction was performed in a fixed bed reactor. The 
reactor was a 0.3-m long ceramic reactor tube (6.35-mm o.d., 4.0-mm i.d.), 
sealed inside a stainless steel tube at higher pressures and contained a quartz 
thermocouple well. The reactor was loaded with 0.012 grams of catalyst mixed 
with 0.030 grams silica and held in place by quartz wool. The reactions were 
carried out at 800°C, and at 1 and 14 bar. Reaction products were monitored by 
a quadrupole mass spectrometer. 
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Temperature-programmed oxidation (TPO) of deposited carbon after the 
reaction was performed by heating the sample from 50 to 950°C at a rate of 
20°C /min in flow of 2% oxygen in helium (20 cmVmin). The TPO exit gases 
were also monitored by a quadrupole mass spectrometer. 

Results and Discussion 

To investigate the source of carbon formed during dry reforming reactions 
on noble metal catalysts at high pressures, a mixture of 1 3 C R i and i 2 C 0 2 at an 
approximately 1:1 ratio was used. The reactions were carried out at both 1 and 
14 atmospheres. Figure 1 shows the carbon oxide species foimed, as monitored 
by quadrupole mass spectrometry, during the dry reforming reaction over a 
Pt/Zr02 catalyst for the 1 atm test. The flow rate of the reaction was 20 cmVmin 
and temperature was 800°C. Note that for both CO and C 0 2 the amount of these 
species containing 1 3 C is nearly equal to those containing 1 2 C, with the I 3 C 
compounds being slightly more prevalent. The presents of 1 3 C 0 2 in the reaction 
products suggest considerable reactions and back reactions of CO to C 0 2 by 
either CO disproportionation, water gas shift, or oxygen exchange reactions. A similar 
test was done using 1 2 C H 4 , while monitoring for the same reaction products. It 
was found that the 13C-containing species were far less abundant. However, the 
ratio of I 3 C to 1 2 C species was higher than would be expected from the naturally 
occurring isotopes, suggesting that there is a small amount of residual 1 3 C in the 
reaction system. 

The same reaction of 1 3CHt with 1 2 C 0 2 over Pt/Zr02, at 800eC, was also 
carried out at 14 atm pressure. The carbon oxide species formed during the 
reaction were again monitored by quadrupole mass spectrometry. In this case, it 
was found that there a slightly higher amount of ! 2 C species relative to the l 3 C 
species, as can be seen in Figure 2. The reason for the difference in relative 
amounts of the 1 3 C and 1 2 C containing species is not understood. 

Identical experiments, to those carried out using the Pt/Ce-Zr02 catalyst, 
were also done using Ce-promoted catalyst, Pt/Ce-Zr02. The results of the tests 
performed on the Pt/Ce-Zr02 were similar to the results obtained when Pt/Zr02 

catalyst was used. Monitoring of the reaction products using quadrupole mass 
spectroscopy showed approximately equal amounts of 1 3 C and 1 2 C in both the 
CO and C 0 2 products for 1 3 C H 4 as a reactant. 

As expected, the ratios of 1 3 C carbon oxides to 1 2 C carbon oxides are 
significantly higher when "CH4 used in feed, see Figure 3. This result is for the 
reaction done over the Pt/Ce-Zr02 catalyst, but similar results were obtained for 
all catalysts. The presence of a significant amount of 1 3 C 0 2 supports the 
conclusion that oxygen exchange between 1 3 CO and l 2 C 0 2 is very fast. However, 
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the ratios of 1 3 C and 1 2 C carbon oxide species detected when 1 2 C H 4 was used as 
reactant were higher than would be expected given the natural occurrence of 1 3 C. 

Reactions of 12CH4 and l 2 C 0 2 over lwt%/Rh/alumina were studied at 800eC 
and 1, 8, and 14 atm and the results are depicted in Figures 4-6, respectively. As 
shown in Figure 4 no significant deactivation of the catalyst was observed at 
atmospheric pressure during 5 hours of testing. However, as the pressure 
increased to 8 and 14 atm both methane and C 0 2 conversion as well as H 2/CO 
ratios decreased. The average conversions over 5 hours of reaction time 
decreased from 45 and 66% for methane and C 0 2 respectively to 26 and 41% as 
the pressure increase from one to 14 atm. Furthermore, only a small amount 
carbon was detected in the catalyst bed at lower pressure but as the pressure 
increased the amount of carbon that formed increased, as indicated by the 
amount of C 0 2 produced during temperature-programmed oxidation after 5 
hours of reaction. Carbon deposition on Rh catalyst was very low in general, 
and so unlike previous experiments higher methane to C 0 2 ratios was used in 
order to accelerate carbon formation. 

Temperature-programmed oxidation (TPO) of the carbon formed (reactions 
performed at 800°C and pressures of one and 14 atm) on the Pt/Zr02, Ce-
promoted (Pt/Ce-Zr02), and lwt%Rh/Alumina catalysts were also performed. 
At lower pressure carbon deposition on these catalysts was very low and no 
significant amounts of 1 2 C 0 2 or 1 3 C 0 2 were produced during TPO. However, 
due to higher C 0 2 conversion at lower pressure slightly higher amount of carbon 
containing 1 2 C was produced. 

The results of the TPO experiment obtained for the Ce-promoted catalyst, 
reacted at 14 atm, are depicted in Figure 7. The TPO of the carbon formed on 
the Pt/Zr02 (Figure8) also showed the same peaks but at lower temperatures, 
around 480eC, for both 1 3 C 0 2 and I 2 C 0 2 . These results indicate that at high 
pressure these catalysts react similarly with respect to sources of carbon 
formation. Note that the ion current signals for 1 3 C and 1 2 C are essentially 
identical. This indicates that, at the pressure used for this reaction, both 1 3 C H 4 

and C 0 2 contributed equally to carbon deposition. If the carbon was due to 
cracking of methane, then the majority of the deposited carbon would be 1 3 C. 
This result is consistent with CO disproportionation as being the major 
contributor to carbon formation for C 0 2 reforming reactions using noble metals 
at elevated pressures. 

The similarity with respect to carbon formation at high pressure of these two 
catalysts is interesting in that it differs qualitatively from the carbon formation 
properties of these catalysts reported in an earlier study. Indeed, Stagg and 
Resasco14 reported improved resistance to carbon deposition for the Ce-
promoted catalyst for reactions done at atmospheric pressures. While the 
experiments reported here are not quantitative, die similarities in the results 
obtained for the two catalysts suggests that at high pressure the carbon formation 
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route is the same, and is most likely due to CO disproportionation. This is 
consistent with thermodynamic calculations of C 0 2 reforming of methane at 
elevated pressures, which show that as pressure is increased carbon formation 
due to this mechanism also increases.13 

Conclusion 

Pressure has a significant effect on methane and C 0 2 conversions for the dry 
reforming reaction, and influences the H 2/CO ratios. Carbon formed on the 
catalysts comes from both methane and C 0 2 as indicated by TPO experiments 
performed on carbon deposited during reactions conducted at 800°C (1 and 14 
atm). As expected, the amount of carbon increases with increasing pressure. 
Since the exchange of oxygen between CO and C 0 2 is very fast, almost identical 
amounts of carbon containing 1 2 C and 1 3 C were produced. These results are 
consistent with CO disproportionation being the predominant carbon deposition 
route at higher pressures. 
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Chapter 9 

Direct Decomposition of Methane to Hydrogen 
on Metal-Loaded Zeolite Catalyst 

Lucia M. Petkovic, Daniel M. Ginosar, Kyle C. Burch, and 
Harry W. Rollins 

Chemistry Department, Idaho National Laboratory, P.O. Box 1625, 
MS 2208, Idaho Falls, ID 83415-2208 

The regeneration of a Ru-Mo/ZSM5 catalyst used to produce 
hydrogen by decomposition reactions was examined at 873 Κ 
in either flowing hydrogen or air. The Ru-Mo/ZSM5 catalyst 
was deactivated under methane decomposition reaction 
conditions at temperatures of 873, 973, and 1073 K. The effect 
of reaction and regeneration conditions on catalyst activity, 
BET surface area and temperature programmed oxidation 
profiles is discussed. Regeneration using hydrogen was found 
to be less effective than air oxidation for the conditions 
explored. The methane decomposition reactions produced 
hydrogen primarily through the formation of liquid aromatics. 
The highest hydrogen production rates were obtained at 1073 
K, however, deactivation was greatest at this temperature and 
the catalyst was not fully regenerated. A better selectivity to 
liquids combined with a relatively stable catalyst activity 
indicates that 973 Κ may be adequate for longer term catalyst 
and cycled regeneration analyses. 

© 2007 American Chemical Society 105 
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The manufacture of hydrogen from natural gas is essential for the 
production of ultra clean transportation fuels. Not only is hydrogen necessary to 
upgrade low quality crude oils to high-quality, low sulfur ultra-clean 
transportation fuels, hydrogen could eventually replace gasoline and diesel as the 
ultra-clean transportation fuel of the future. Currently, refinery hydrogen is 
produced through the steam reforming of natural gas. Although efficient, the 
process is responsible for a significant portion of refinery C 0 2 emissions. The 
steam reforming process is capital intensive, owing to the high-temperature, 
highly endothermic reaction, the need for water gas shift reactors, and gas-gas 
separation processes. Further, the hydrogen product is contaminated with CO at 
concentrations that are detrimental to proton exchange membrane (PEM) fuel 
cells. 

Alternative direct methane conversion chemistries are available that do not 
produce CO x byproducts and offer the potential of lowering capital equipment 
costs. Methane can be decomposed to produce hydrogen with product formation 
of carbon, aromatics, or alkene gasses, as represented below. 

CH4 — C + 2 H 2 ΔΗ= 75kJ/mol 
C H 4 — l / 6 C 6 H 6 + 3/2H 2 ΔΗ = 89kJ/mol 
CH4 -> V2 C 2 H 4 + H 2 ΔΗ = 101 kJ/mol 

These reactions are about half as endothermic as the main steam reforming 
reaction (ΔΗ = 206 kJ/mol), and, since the carbon value is captured as salable 
products, C 0 2 emissions are reduced by at least 80%. However, less hydrogen is 
produced per unit of natural gas feed, for both reaction and heat requirements. 
Thus, the value of the carbon based product has a significant impact on the 
economic viability of the reaction process. 

The production of hydrogen from methane over zeolite supported metal 
catalysts can be examined as an alternative to steam reforming because the 
concomitant aromatization reactions can increase the economic potential of the 
process. For methane aromatization, Mo/ZSM5 catalysts have been intensively 
studied since their first report in 1993 (7, 2). In 1997 (5), the promotional effect 
of ruthenium over Mo/ZSM5 catalysts was reported. Other second metals have 
also been studied to improve catalyst activity and stability and a review on this 
topic is available (4). 

Larachi et al. (5) and Iliuta et al. (6, 7) compared the conversion of methane 
over Ru-Mo/ZSM5 catalysts with and without the presence of a H 2 permeating 
membrane and concluded that the availability of H 2 helped in the hydrogénation 
of carbon deposits and hence restoration of catalyst active sites. For the work 
presented here, it was hypothesized that cycling treatments under flowing H 2 

might also restore catalyst active sites. Oxidative regeneration under flowing air 
was also performed for comparison purposes. 
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Experimental 

A commercially available HZSM5 zeolite (Zeolyst CBV 3020E) was co-
impregnated with aqueous solutions of ammonium heptamolybdate tetrahydrate 
(99.98%, Aldrich) and ruthenium (III) chloride hydrate (99.98%, Aldrich) by the 
incipient wetness technique to obtain a final metal content of 3% Mo and 0.5% 
Ru. The material was dried at 393 Κ for 2 h. Five hundred milligrams of the 
dried material were loaded in a tubular quartz reactor, calcined under flowing air 
(Zero grade, US Welding) for 4 h at 873 K, then for 0.5 h at 973 K, and reduced 
under flowing hydrogen for 0.5 h at 573 K. The temperature was increased to 
reaction temperature (i.e., 873, 973, or 1073 K) and a flow of 20 cmVmin of 
pure methane (99.99%, Scott Specialty Gases, PA) was initiated. Hydrogen and 
liquid product yields, as a function of time on stream (TOS), were measured 
using an on-line Hewlett Packard 5890 gas chromatograph equipped with both 
FID and TCD detectors and Carboxen 1010 Plot and Petrocol columns. Off-line 
analysis was performed to quantify ethylene and propylene yields, and to 
confirm the absence of CO x contaminants. 

Three sets of experiments were performed to examine the effects of 
regenerating catalysts with either air or hydrogen: the first set examined the 
effect of reaction on the catalyst; the second set was used to produce a catalyst 
sample that had been exposed to both reaction and regeneration; and the last set 
followed a full cycle of reaction/regeneration/reaction conditions. The first set of 
experiments was terminated at 3 h TOS and the spent catalyst recovered. For the 
second set of experiments, at 3 h TOS a regeneration step with either 30 cmVmin 
flowing air or 20 cm3/min flowing hydrogen was initiated. The temperature was 
set at 873 Κ and the gaseous régénérant was flowed through the catalyst bed for 
1 hour. 

The third set of experiments was performed to determine catalyst behavior 
after regeneration. For these experiments, after 1 h regeneration at 873 K, the 
temperature was set at reaction temperature, and a flow of 20 cm3/min of pure 
médiane (99.99%, Scott Specialty Gases, PA) was initiated again. For the 
experiments in which the régénérant was air, a 30 min reduction treatment under 
30 cmVmin flowing H 2 at 573 Κ was applied after regeneration. In all 
experiments where gas flow was switched from methane to régénérant, or back, 
the reactor was purged with flowing argon. 

Spent catalyst samples were recovered and submitted to ex-situ 
characterization analyses following the experiments. 

B.E.T. surface areas and micropore volumes were determined on a 
Quantachrome Autosorb 1-C apparatus at liquid nitrogen temperatures. B.E.T. 
surface areas were calculated in the range of P/Po between 0.05 and 0.10. 
Micropore volumes were as determined by the t-plot method. 

The carbon material deposited on the catalyst was characterized by 
temperature-programmed oxidation (TPO) on a Perkin Elmer Diamond TG/DTA 
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microbalance under 100 ml/min flowing air. About 10 mg of sample were placed 
in the balance pan and heated from room temperature to 373 Κ at 10 K/min. The 
temperature was kept at 373 Κ for 30 min, increased to 1073 Κ at 10 K/min, and 
then decreased to 373 K. The change in weight between the two temperature 
segments at 373 Κ was utilized to report carbon content. The negative of the 
derivative of weight with respect to time was utilized to obtain the TPO profiles. 

Transmission electron microscopy analyses were performed on a Philips E M 
420 at 120kV. A small amount of catalyst was dispersed in ethanol and a drop of 
this dispersion, dried on a carbon-coated copper grid at room temperature, was 
utilized for the analysis. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
studies were performed at 373 Κ on a Nicolet Magna 750 Fourier transform 
infrared spectrometer equipped with a commercial Spectratech diffuse 
reflectance cell. Eight-hundred-scan spectra were collected in the 4000-400 cm"1 

range at a resolution of 4 cm'1. The catalyst samples were diluted in KBr at a 
ratio of about 1:200 sample:KBr for DRIFTS analyses. 

Results and Discussion 

Reaction studies 

Hydrogen and benzene concentrations in the product stream as a function of 
time on stream (TOS) at different reaction temperatures are shown in Figure 1. 
Minor amounts (not shown) of toluene, naphthalene, ethylene, propylene, and 
other aromatics were also found in the product stream. Although formation of 
carbon oxides at short TOS upon contacting Mo/ZSM5 catalysts with methane 
has been reported in the literature (8), these products were not detected in any of 
the gas samples analyzed. Formation of carbon oxides is reported to occur 
during an induction period in which catalytic active sites are developed by 
carburization of Mo species. An inverse relation between methane hourly space 
velocity (MHSP) and induction time has been reported (d). Hence, the absence 
of carbon oxides even on the first chromatographic sample may be assigned to 
an induction period shorter than 20 min due to the relatively larger (i.e., 2400 
mL/(h g)) MHSP applied here. 

As expected from thermodynamic and kinetic considerations, higher initial 
conversions were seen at higher reaction temperatures. The concentration of H 2 

was about 5% at 873 Κ and 15% at 973 Κ when fresh catalyst samples were 
submitted to reaction conditions. Although some decrease with TOS in the 
production of H 2 was seen at those two temperatures, a more pronounced 
decrease was seen at 1073 K, where H 2 concentration changed from about 27% 
to 12%. 
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The catalyst samples recovered after reaction at 873, 973, and 1073 Κ 
contained 3.1, 4.5, and 11.1 wt% of carbonaceous deposits, respectively. 
Assuming a C J H J stoichiometry for carbonaceous deposits and adopting average 
concentrations of aromatics and olefins (i.e., ethylene and propylene), an 
approximate mass balance was calculated to estimate the contribution of the 
different reactions to the production of hydrogen. As seen on Table I, at the 
three temperatures studied, the reactions producing liquid aromatic products 
accounted for most of the hydrogen produced. It is worth noting that the three 
chosen reactions are not independent. Aromatics such as benzene are produced 
by polymerization of ethylene. Further aromatization and dehydrogenation of 
benzene and higher aromatics contributes to carbonaceous deposits. 

Regeneration studies 

After treating the spent catalyst samples with flowing air (see Figures 2 and 
3), the profiles of H 2 and benzene resembled the ones obtained from fresh 
samples at 873 and 973 K. However, at 1073 Κ some loss of activity was 
apparent. 
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Table I. Percent contribution of different reactions to H 2 production 

Reaction Benzene Total liquid Ethylene Carbonaceous 
temp. (K) aromatics deposits 

873 49 72 0.8 27 
973 61 87 0.7 12 

1073 54 67 2.8 30 

ο 
Ε 

1 
φ υ c ο Ο c φ 
Ο) ο ι­

Ό 
>» 

0 1 2 3 
Time on Stream (hrs) 

Figure 2. Effect of regeneration with air on hydrogen yields at 873 (triangles), 
973 (squares), and 1073 Κ (circles). Filled and hollow symbols correspond to 

reaction on fresh and regenerated samples, respectively. 
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0 1 2 3 
Time on Stream (hrs) 

Figure 3. Effect of regeneration with air on benzene yields at 873 (triangles), 
973 (squares), and 1073 Κ (circles). Filled and hollow symbols correspond to 

reaction on fresh and regenerated samples, respectively. 

Submitting spent catalyst samples to hydrogen treatment was less effective 
than air treatment as seen in Figures 4 and 5. Working at reaction temperatures 
of 973 Κ or lower, Larachi et al. (J) found that non-carbidic coke formation was 
reversible and active sites were restored when H 2 was available either during off-
membrane operation or CH4/H2 regenerative steps. The results presented here 
were obtained at higher MHSP and show that the catalyst recovered some 
activity only at temperatures of 873 and 973 K. However, at the highest 
temperature of 1073 K, the hydrogen regeneration was not effective, and profiles 
of H 2 and benzene production obtained during the second reaction step (hollow 
symbols in Figures 4 and 5) seemed to continue the same deactivation trend 
shown during the first reaction step (filled symbols in Figures 4 and 5). 

Table II shows the amounts of carbon deposits as determined by TPO 
analyses. As reaction temperature increased, the amount of carbon deposits 
retained on the catalysts increased. Regenerating the spent catalyst with air 
produced an almost complete elimination of carbon residues. In contrast, 
regeneration with H 2 produced only a partial elimination of deposits. TPO 
profiles associated with the carbon deposits are shown in Figures 6-8. 

Figure 6 provides a comparison of TPO profiles before and after 
regeneration in air and hydrogen. TPO profiles for samples that were deactivated 
at lower reaction temperatures in the first reaction step were shifted to the left 
(thick lines in Figure 6) indicating that the carbon deposits were easier to oxidize 
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30 
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Figure 4. Effect of regeneration with hydrogen on hydrogen yields at 873 
(triangles), 973 (squares), and 1073 Κ (circles). Filled and hollow symbols 

correspond to reaction on fresh and regenerated samples, respectively. 

2.0 

Time on Stream (hrs) 

Figure 5. Effect of regeneration with hydrogen on benzene yields at 873 
(triangles), 973 (squares), and 1073 Κ (circles). Filled and hollow symbols 

correspond to reaction on fresh and regenerated samples, respectively. 
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Table II. Carbon deposits (wt%) as determined by TPO 

Reaction /" reaction Regener. Regener. 2nd 2nd 

temp. (K) step with air with H2 reaction reaction 
after air after H2 

873 3.1 0.6 2.8 2.0 3.6 
973 4.5 0.0 3.8 4.6 4.8 

1073 11.1 0.7 5.8 9.7 13.7 

during the analyses. Although this may be ascribed to less condensed 
hydrocarbons, the lower carbon content may also decrease diffusion limitations 
that retard the exiting of oxidation products from the zeolitic catalyst. 

The TPO profiles of samples that after regeneration were submitted again to 
reaction conditions are shown in Figures 7 and 8. When the regenerating 
treatment was under flowing air (Figure 7), the carbon residues retained during 
the second time under reaction conditions (thin lines) showed similar TPO 
profiles as the ones obtained after the first time under reaction conditions (thick 
lines). However, regenerating the catalyst with H 2 seemed to have altered the 

373 573 773 973 
Temperature (K) 

Figure 6. Comparison of TPO profiles before (thick lines) and after 
regeneration in air (dotted line) andH2 (thin line). Reaction temperature as 

indicated. 
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nature of the residues particularly when the amounts were high. The material still 
left on the catalyst after H 2 regeneration plus the newly retained material during 
the second reaction at 1073 Κ produced a two-peak TPO profile as shown in 
Figure 8. This indicates that although the regeneration treatment utilizing H 2 was 
not absolutely effective in freeing the catalyst from carbonaceous deposits, it 
altered the nature of the deposits. 

DRIFTS analysis was performed on the spent samples to obtain information 
on the chemical nature of the carbonaceous deposits retained on the catalysts. 
The spectra of all samples submitted to reaction and the spectra of samples 
regenerated under flowing H 2 showed a band at 1580 cm"1, which is 
characteristic of highly condensed hydrocarbons and graphitic-like species. This 
band was absent on the spectra of samples regenerated under flowing air. C-H 
stretching bands were hardly noticeable on any spectra which confirm the 
condensed nature of the deposits. 

Transmission electron microscopy analyses showed a homogenous covering 
of the zeolite surface with carbon deposits. The highly condensed and likely 
graphitic-type nature of the carbon deposits agrees with the results presented by 
Larachi et al. (5). These authors identified three carbon-containing species on 
spent Ru-Mo/ZSM5 by X-ray photoelectron spectroscopy (XPS) analyses. The 
most prominent peak was assigned to graphitic-like carbon, a weaker peak to 
aromatic-aliphatic species, and a hardly visible peak to carbidic carbon. As 

373 573 773 973 
Temperature (K) 

Figure 7. Effect of regeneration with air on TPO profiles. Thick and thin lines 
correspond to samples submitted once and twice to reaction conditions, 

respectively. Reaction temperatures as indicated. 
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373 573 773 973 
Temperature (Κ) 

Figure 8. Effect of regeneration with H2 on TPO profiles. Thick and thin lines 
correspond to samples submitted once or twice to reaction conditions, 

respectively. Reaction temperatures as indicated. 

shown by Ding et al. (Ρ), the carbidic carbon is observed on TPO profiles around 
500 Κ when samples are contacted with methane for only short TOS. After 
longer TOS only one TPO peak is apparent in agreement with the results 
presented here. 

Table III shows the results of surface area and micropore volume analyses. 
For the first reaction step higher carbon contents (Table II) were associated with 
higher losses of surface area and micropore volume, as expected. The fresh 
sample displayed lower surface area and pore volume than the one utilized at 
873 K. This may be due to experimental variability and/or to an actual change in 
surface area due to changes in the nature of the molybdenum-containing species 
from oxide to carbide. The highly condensed structure (i.e., likely graphitic-type) 
of the carbon deposits agrees with the measured micropore volumes when 
considering that graphite density is around 2 g/cm3. For example, a fresh zeolite 
displaying a micropore volume of 0.12 cm3/g would lose about 0.06 cm3/g if 
graphitic carbon deposits reached 11.1%. 

Air regeneration produced an important recovery of micropore volume. 
Even though the amount of carbon deposited during the second step under 
reaction conditions was about the same or lower, surface areas and micropore 
volumes were lower than those at the end of the first step. Although some pore 
plugging might explain these results, it is more likely that irreversible changes in 
the zeolite structure during air regeneration lead to lower micropore volumes. 
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Table III. Catalyst B.E.T. surface areas and micropore volumes 

Reaction /*' reaction Regener. Regener. 2nd 2nd 

temp. (K) step with air with H2 reaction reaction 
after air after H2 

873 407(0.13) 392(0.12) 375 (0.12) 307 (0.09) 316(0.10) 
973 310(0.10) 385 (0.12) 336 (0.11) 307 (0.09) 222 (0.08) 

1073 216 (0.07) 375 (0.12) 174 (0.04) 190 (0.06) 46 (0.006) 
NOTE: Surfaces areas in m /g; micropore volumes in parenthesis, cm7g. Fresh sample: 
403 m2/g, 0.12 cm3/g. 

Rapid burning of carbon deposits by direct introduction of air at such high 
temperatures has been reported to result in destruction of the ZSM5 crystal 
structure and complete loss of activity for methane aromatization after succesive 
air regenerations (10). On the other hand, H 2 regeneration was less effective. A 
decrease in micropore volume was even measured after hydrogen regeneration 
on the sample initially utilized at 1073 K. This decrease in micropore volume 
(from 0.07 to 0.04 cm3/g) along with the decrease in carbon content (from 11.1 
to 5.8%) indicates that the carbon deposits became bulkier/more hydrogenated 
and/or some pore plugging occurred during regeneration. Pore plugging likely 
increased during the second step under reaction conditions leading to an almost 
complete loss of micropore volume by the end of the experiment at 1073 K. 

Conclusions 

Although hydrogen production rates were higher at 1073 K, the rapid 
decrease in catalyst activity, the incomplete activity recovery by either 
régénérant, and the higher selectivity to carbon deposits makes 1073 Κ 
unfavorable for continued or cycled application of this catalyst. A better 
selectivity to liquids combined with a relatively stable catalyst activity indicates 
that 973 Κ may be adequate for longer term catalyst and cycled regeneration 
analyses. It is expected that cycled H 2 regeneration will be milder with respect to 
zeolite structure stability when compared with air regeneration but longer term 
stability and meticulous economic analysis of this process are necessary before 
any application of this catalyst for production of hydrogen is undertaken. 

Acknowledgements 

This work was supported by the U.S. Department of Energy Office of Fossil 
Energy under DOE Idaho Operations Office Contract DE AC07 05ID14517. 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
00

9

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



117 

References 

1. Wang, L.; Tao, L.; Xie, M . ; Xu, G.; Huang, J.; Xu, Y. Catal. Lett. 1993, 21, 
35-41. 

2. Lacheen, H. S.; Iglesia, E. J. Catal. 2005, 230, 173-185. 
3. Shu, Y. Y.; Xu, Y. D.; Wong, S. T.; Wang, L. S.; Guo, Χ. X . J. Catal. 1997, 

170, 11-19. 
4. Xu, Y.; Lin, L. Appl. Catal. A 1999, 188, 53-67. 
5. Larachi, F.; Oudghiri-Hassani, H.; Iliuta, M . C.; Grandjean, Β. P. Α.; 

McBreen, P. H. Catal. Lett. 2002, 84, 183-192. 
6. Iliuta, M . C.; Larachi, F.; Grandjean, Β. P. Α.; Iliuta, I. lnd. Eng. Chem. 

Res. 2002, 41, 2371-2378. 
7. Iliuta, M . C.; Grandjean, Β. P. Α.; Karachi, F. lnd. Eng. Chem. Res. 2003, 

42, 323-330. 
8. Jiang, H.; Wang, L.; Cui, W.; Xu, Y. Catal. Lett. 1999, 57, 95-102. 
9. Ding, W.; L i , S.; Meitzner, G. D.; Iglesia, E. J. Phys. Chem. Β 2001, 105, 

506-513. 
10. Borry, R. W.; Iglesia, E. Proceedings of the Natural Gas Conference, 

Emerging Technologies for the Natural Gas Industry, Ρ14, March 24 to 27, 
1997, Houston, Texas. Available on-line at http://www.netl.doe.gov/ 
publications/proceedings/97/97ng/ng97_pdf/NGP14.PDF on 12-01-2005. 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ch
00

9

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 

http://www.netl.doe.gov/


Author Index 

Ackiewicz, Mark, 3 
Anderson, John, 3 
Anderson, Richard R., 197 
Baltrus, John P., 197 
Burch, Kyle C , 105, 169 
Chen, Zhi-feng, 51 
Cugini, Anthony V., 135 
Enick, Robert M., 135 
Fujimoto, Ken-ichiro, 59 
Gamwo, Isaac K., 225 
Gidaspow, Dimitri, 225 
Ginosar, Daniel M. 5 105, 169 
Gormley, Robert J., 197 
Hartstein, Arthur, 29 
Hashimoto, Masahiko, 211 
Howard, BretH., 135 
Ishiguro, Gunji, 211 
Jain, Suresh C , 19 
Johnson, Christopher D., 87 
Jung, Jonghwun, 225 
Kado, Shigeru, 59 
Killmeyer, Richard P., 135 . 
Koizumi, Naoto, 119 
Kornosky, Robert M., 19 
Kunimori, Kimio, 59 
Link, Dirk D., 197 
Madden, Diane R., 19 
Miyao, Toshihiro, 59 
Miyazawa, Tomohisa, 59 
Morreale, Bryan D., 135 
Mukainakano, Yuya, 59 
Mukherjee, Mitrajit, 75, 181 
Murai, Kazuhito, 119 

Naito, Shuichi, 59 
Nakao, Kenji, 59 
Nehlsen, James, 181 
Nurunnabi, Mohammad, 59 
Ogunsola, Olayinka L, 3, 29 
Ogunsola, Olubunmi M., 155 
Okumura, Kazu, 59 
Omata, Kohji, 211 
Patun, Ron, 29 
Petkovic, Lucia M. , 105, 169 
Porcelli, Richard, 181 
Ramamurthi, Jay, 29 
Rollins, Harry W., 105 
Schmetz, Edward, 19 
Shamsi, Abolghasem, 87 
Shen, John, 19 
Silk, Murray, 3 
Stiegel, GaryJ., 19 
Sundaresan, Sankaran, 75, 181 
Sutarto, 211 
Suzuki, Kimihito, 59 
Takasaki, Satoshi, 119 
Thompson, David N., 169 
Tomishige, Keiichi, 59 
Umegaki, Tetsuo, 211 
Vetter, Mark, 29 
Watanabe, Yiihsuke, 211 
Winslow, John C , 19 
Wu, Hong, 43,51 
Yamada, Muneyoshi, 119, 211 
Zandhuis, Paul H., 197 
Zong, Min-hua, 43, 51 

255 

D
ow

nl
oa

de
d 

by
 K

E
N

T
U

C
K

Y
 W

E
SL

E
Y

A
N

 C
O

L
G

 o
n 

O
ct

ob
er

 2
0,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
12

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

95
9.

ix
00

1

In Ultraclean Transportation Fuels; Ogunsola, O., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 




