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Disclaimer

“This report was prepared as an account of work sponsored by an agency of the United States
Government.  Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof.  The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.”
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ABSTRACT
     Honeywell is actively working on a 3-year program to develop and demonstrate proof-of-
concept for an "on-vehicle" desulfurization fuel filter for heavy-duty diesel engines.   Integration
of the filter into the vehicle fuel system will reduce the adverse effects sulfur has on post
combustion emission control devices such as NOx adsorbers.   The NOx adsorber may be required
to meet the proposed new EPA Tier II and '2007-Rule' emission standards.   The proposed filter
concept is based on Honeywell's reactive filtration technology and experience in liquids handling
and conditioning.  A regeneration and recycling plan for the spent filters will also be examined. 
     We have chosen to develop and demonstrate this technology based on criteria set forth for a
heavy duty CIDI engine system because it represents a more challenging set of conditions of
service intervals and overall fuel usage over light duty systems.  It is anticipated that the
technology developed for heavy-duty applications will be applicable to light-duty as well.
Further, technology developed under this proposal would also have application for the use of
liquid based fuels for fuel cell power generation.
     The program consists of four phases.  Phase I will focus on developing a concept design and
analysis and resolution of technical barriers concerning removal of sulfur-containing species in
low sulfur fuels.  In Phase II we will concentrate on prototype filter design and preparation
followed by qualification testing of this component in a fuel line application.  Phase III will study
life cycle and regeneration options for the spent filter. Phase IV will focus on efficacy and life
testing and component integration.
     The project team will include a number of partners, with Honeywell International as the prime
contractor.  The partners include an emission control technology developer (Honeywell
International), a fuel technology developer (Marathon Ashland Petroleum), a catalyst technology
developer (Johnson Matthey), a CIDI engine manufacturer (Mack Trucks Inc.), a filter recycler
(American Wastes Industries), and a low-sulfur fuel supplier (Equilon, a joint venture between
Shell and Texaco). 
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INTRODUCTION

    The goal of this program is to develop an emission control device that can enable engine
manufacturers to comply with the new EPA emission standards including EPA Tier II Bin 5 for
light-duty engines and the new '2007-Rule' for heavy-duty applications.  The '2007 rule’ also
includes a new diesel fuel sulfur limit that has a maximum cap of 15 ppm. Successful integration
of the sulfur-removal filter into a heavy-duty vehicle fuel stream coupled with a post-combustion
NOx adsorber catalyst device will, by default, be applicable to light-duty applications.          
     The sulfur removal device developed under this solicitation can expedite implementation of
the new emissions standards by reducing the need for diesel fuels to attain the ultra low sulfur
levels required to ensure optimal performance of NOx adsorber technologies under development.
This should be accomplished at relatively modest cost to the end-user because the sulfur-removal
device will be an add-on to the existing fuel system, and will be packaged in a conventional
engineering format.  It is anticipated the cost of the proposed sulfur-removal device to the
consumer will represent no more than a low multiple of the current cost of a standard fuel filter.
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EXECUTIVE SUMMARY
     The main objective of this program is to demonstrate proof-of-concept for a fuel
desulfurization filter that is able to reduce sulfur levels in fuel to tolerable levels which enables
the implementation of post-combustion NOx adsorber technology.  The technology developed
will rely on Honeywell’s expertise in reactive filtration technology. The targeted design and
performance of this filter will be developed based on criteria supplied by Johnson Matthey (the
NOx catalyst manufacturer) and Mack Trucks (the CIDI manufacturer). 
     The development program incorporates the following key elements: 1) survey all applicable
current and proposed sulfur removal approaches, 2) technical evaluation of potential
technologies, 3) laboratory screening of down-selected approaches, 4) package selected
technologies for on-board configuration, 5) prototype design and preparation, 6) pilot scale life-
testing and efficacy testing of the filter, and, 6) develop approaches to recycling/regeneration of
the spent filters.
     The key accomplishments highlighted in this work period have been, 1) a rigorous
downselection process was instituted to help identify the most promising chemistries, 2)
representative samples of all the major sulfur removing chemistries have been obtained, 3) a
common screening test has been developed to test the diverse chemistries, 4) initial screening of
10 of the 13 categories have been completed using high throughput and combinatorial techniques.
     The program is on schedule and we have completed Phase 1.1, 1.2, 1.3 and 1.4 is near
completion. We are also employing high throughput screening as described in Phase 2. Three (3)
of the above categories show promising results warranting further work and development.   
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PROGRAM PLAN/SUMMARY
Objectives
• To develop and demonstrate proof-of-concept for an “on-vehicle” desulfurization fuel filter

for heavy and light duty diesel engines.

Approach
• Phase I: Develop a concept design and analysis, and resolution of technical barriers

concerning removal of sulfur-containing species in low sulfur fuels
• Phase II: Implement high throughput screening techniques for chemistry selection and

dynamic testing
• Phase III: Prototype design and testing; adapt research concept into a practical filter module

and test its efficacy, produce prototype(s).
• Phase IV: Life cycle studies; study life cycle and regeneration options for spent filters
• Phase V: Validation Testing; engine testing with NOx adsorber and test prototype filter on a

heavy duty diesel engine for efficacy and system testing and component integration.

Accomplishments
• Selection process for evaluating different sulfur removal processes completed
• Six sigma tools employed to down select best candidates 
• Common screening technique developed useful for different approaches
• Obtained representative ultra-low sulfur fuels for screening
• Representative samples obtained for all the major chemistries
• Over 3000 reagents and approaches have been screened.
• High throughput and combinatorial screening techniques have been employed.
• Completed screening 10 of the 13 sulfur-removing categories.
• Several techniques for sulfur removal have been demonstrated to be useful.
• Presentation of program at Cross Cut meeting, March 2003
• Technical review with DOE representatives April 2003

Future Directions (near term 6-8-months)
• Complete screening of remaining 3 categories
• Down selection process to identify which candidates to go forward with.
• Incorporate engineering design and engine integration inputs into the down selection process.
• Implement high throughput dynamic testing.
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EXPERIMENTAL
Down Selection Process of Sulfur Removal Chemistries

     A comprehensive technology search was conducted of the scientific literature for references
relating to the removal or alteration of highly substituted aryl thiophenes.  Both patent and
scientific data bases were included in this search.  Over 160 relevant references were uncovered.
They fell into 13 categories including, ionic liquids, metal oxides, oxidation, photochemical,
reduction, extraction, sorbents, biological, catalysis, chemical derivatization, electrochemical,
complexation and an assortment of other miscellaneous approaches including such things as
facilitated transport with membranes.  

    Since the number of potential approaches was very large, we needed to prioritize them as to
which would be most applicable to this application.  An additional complication arose in
attempting to compare them, which resulted from the different experimental conditions under
which they were studied.  In order to prioritize this list we employed six sigma tools. Each
reference was critically reviewed and a set of criterion developed as metrics.  We were assisted in
this by a consultant, Prof. Robert Angelici, who helped in this review process.  The set of
prescreening criteria are laid out in Table 1.

                                     Table 1

Evaluation Criteria
Applicability to dimethyldibenzothiophene
Compatibility with system parameters (temp./flow/pressure)
Likelihood of obtaining samples
 

     Each reference was numerically ranked according to the above criteria and we plotted them in
a descending histogram, Figure 1.

                                                  Figure 1

     Using this technique, we were able to cull many of the approaches which fell below a
predetermined value and were able to reduce the number of suitable chemistries to around 50%. 
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     In order to experimentally test all the different chemistries and compare them, a common
screening test was necessary.  This common test was necessary since many of the published
approaches used feedstocks or employed conditions different from that of the intended
application.   This intention of this initial screening was to determine if these reagents or
processes showed any promise with this particular fuel and functioned within the parameters
consistent with an “on-board” filter approach. 

     In most cases screening was carried out with ultra-low-sulfur diesel fuel. When higher levels
of dimethyldibenzothiophene were required for detection purposes, a synthetic fuel comprising a
mixture of cyclohexane, toluene and polynuclear aromatics was used.  The ratios of the aromatics
and polynuclear hydrocarbons matched that of the diesel fuel. 

 In all cases a total sulfur analysis (with a lower limit of detection in the ppb range) was used to
determine efficacy.  Frequently speciation of the sulfur contaminants was carried to see if the
entire family of sulfur species was being affected.

  Due to the large number of reagents that needed to be screened, we employed high throughput
screening techniques. These relied on robotics, multi-well reaction chambers and “ganged
analysis”.  Over 3500 samples have been tested to date.

     Since some of the approaches utilized certain unique additional methodologies, (ie
electrochemistry, photochemistry, ozone), uniformity was maintained by keeping all the other
parameters constant and only that one unique parameter was allowed to float depending on the
technique.  In this way we would be able to compare very different approaches.

    Samples were obtained either directly from the inventor, synthesized in house or were
commercially available.  Procedures for their preparation were taken directly from the published
literature.  Many of these samples were obtained under secrecy agreements between Honeywell
and the inventors. 

     In some of the more promising approaches, fuel sulfur levels were reduced to 1.5 ppm. Figure
2 contains two chromatograms of the sulfur species before and after treatment.

Figure 2

   

min19 20 21 22 23 24 25 26 27

counts

0

200000

400000

600000

800000

1000000

1200000

1400000

 AIB2 B,  (031203\045B0102.D)

Control Fuel

min19 20 21 22 23 24 25 26 27

counts

0

200000

400000

600000

800000

1000000

1200000

1400000

 AIB2 B,  (031203\046B0201.D)

After Treatment



11

Ten of the 13 categories have been studied using a batch testing procedure and the overall
summary is given in  Table 2.

RESULTS AND DISCUSSION
 
     Using six sigma tools to aid in the down-selection process we have been able to reduce the
total number of chemistries to be screened to a much smaller number from the original list.  The
reasons for culling were based on engineering design difficulties, manufacturability, compatibility
issues, fuel contamination concerns or safety issues surrounding those approaches.

   Most of the chemistries have been screened and are summarized in Table 2.

Table 2

Approach Shows Promise Comment Challenge
A -
B -
C + fuel effects/design
D -
E Not Completed Yet
F + fuel effects/design
G + operating parameters
H -
I Not Completed Yet
J -
K -
L +? In Progress
M Not Completed Yet

   Three categories in the master reagent list show promising results in their ability to remove or
alter dimethyldibenzothiophene and higher members of this family of sulfur contaminants.
However, in these initial screening tests, issues like effects on other fuel properties or engineering
design issues are not addressed.  These reagents were tested in formats according to the published
document, which is not necessarily the most appropriate way to use them in a filter application.
This activity will commence in Phase 2 and 3 of this program in which formatting and column
testing will begin using these agents.

CONCLUSION
     The program is moving ahead as planned and is on target. The reagent screening is nearly
complete with only three more categories awaiting study.  Upon completion of this task we will
be at a “go/no go” decision point.  Some of the reagents so far tested have shown positive
performance.  We also have been able to rule out many approaches either due to their inability to
remove dimethyldibenzothiophene from this particular diesel fuel or will not lend themselves to
this application.  We have been able to screen a very large number of reagents by employing high
throughput screening techniques which would otherwise have been prohibitive using traditional
methods.  We will continue this methodology into the dynamic screening in the next phase.
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LIST OF ACRONYMS AND ABBREVIATIONS

BT Benzothiophene
DBT Dibenzothiophene
DMDBT 4,6-Dimethyldibenzothiophene
CIDI Compression Ignition Direct Injection
GC Gas Chromatgraphy
LLS Low Level Sulfur
MAP Marathon Ashland Petroleum
ULSD Ultra Low Sulfur Diesel
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