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ABSTRACT
This study examines the performance of different materials for adsorption
desulfurization of liquid transportation fuels for fuel cell applications.

Fixed-bed,

continuous flow experiments were performed on eight different materials treating six
different fuel mixtures representing gasoline, diesel, and jet fuel.

Adsorbents are

compared according to the 1 ppmw sulfur breakthrough capacity and capacity at
saturation.

Results indicate that for the same fuel, different adsorbents perform

differently, and for the same adsorbent, different fuels interact differently. Comparisons
are made on the basis of adsorbent weight, volume, and surface area. Nickel-based
adsorbents have the highest overall sulfur capacity. Supported nickel (A-5) is
significantly better than NiAl (A-2) for all fuels except model jet fuel, even when
comparing on a surface area basis. The breakthrough capacity per surface area for
nickel-based adsorbent materials is about ten times greater than for metal oxides, which
are about twice as active as activated carbon. The activated carbon adsorptive capacity is
greater on a weight basis than on a volume or surface area basis due to the high surface
are of this material.
Although typical sulfur compounds are the same, the breakthrough capacity is
lower for real fuels than for model fuels, possibly due to fuel additives and additional
compounds in real fuels such as olefins and aromatic compounds present in higher
concentrations than sulfur. Among the real fuels used in this study, diesel is the most
difficult fuel to treat, probably due to the presence of sterically hindered refractory sulfur
compounds, which are not suitable for adsorbents that act through a direct sulfur-metal
interaction such as the nickel-based adsorbents. No significant difference in performance
between the metal oxide adsorbents A-8 and A-9 is observed, indicating that these
adsorbents function through similar mechanisms.
The impact of temperature and liquid hourly space velocity (LHSV) on the
desulfurization performance of nickel-based adsorbents is also reported.

The sulfur

capacity of nickel-based adsorbents is higher at 200 °C than room temperature, indicating
that adsorption proceeds via a surface reaction for these adsorbents. The breakthrough
iii

and saturation capacity increases at lower space velocities of 1.2 h-1 LHSV versus 4.8 h-1
LHSV. The results of this study help to assess the potential for using different adsorbents
with different liquid fuels for portable fuel cell applications.
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CHAPTER 1 INTRODUCTION
Environmental concerns and the growing interest in fuel cell application have
made it increasingly important to study desulfurization of liquid transportation fuels1.
The environmental and regulatory motivation will continue to encourage research in
clean fuels as environmental regulations worldwide will reduce sulfur levels to
essentially zero in the near future2. Furthermore, the quality of crude oil is decreasing
over time, i.e., the American Petroleum Institute gravity (API gravity, a measure of how
heavy or light a petroleum liquid is compared to water) is decreasing and the total sulfur
content is increasing1. For these reasons, it is important to continue to develop efficient
and environmentally friendly materials and processes for ultra-deep sulfur removal.
Initially, the combustion of fossil fuels containing sulfur leads to sulfur oxides,
which are detrimental to other processes in the automobile emission control system.
High efficiency exhaust emission control devices and other advanced emission control
technologies are readily poisoned by sulfur. These devices reduce other major pollutants
such as nitrogen oxides (NOx) and particulate matter (PM). Thus, it becomes more
difficult to control other major pollutants generated by combustion, such as NOx and PM,
when sulfur is present in fuel. For example, SOx preferentially adsorbs to and poisons the
catalyst in automobile catalytic converters for CO and NOx control3, 4. Moreover, sulfur
present in fuel has been shown to reduce vehicle fuel economy, which is affected during
regeneration of the exhaust catalyst5.
The post-combustion effects of sulfur present in liquid transportation fuels can
lead to a variety of environmental consequences.

The sulfur present in diesel fuel

directly contributes to increased exhaust particulate matter emissions as sulfates. Sulfate
molecules are formed from sulfur in two ways: a small fraction of sulfur in diesel fuel is
directly emitted as sulfate, and/or secondary sulfates are formed when SO2 is further
oxidized in the atmosphere. Sulfates make up about one quarter of fine particulate
matter, PM10 (particles of 10 micrometers or less)5.

Consequently, regulations and

stringent control measures for sulfur are necessary for public health and environmental
protection.
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After being released into the atmosphere, sulfur oxides are subsequently
converted to sulfuric acid (H2SO4) and become acid rain. Acid rain and acid deposition
accelerate the decay of buildings, paints, statues, and historical monuments. Acid rain
also causes acidification of lakes and streams, damaging ecosystems and harming
wildlife. These effects have been seen in areas such as the Adirondack Mountains, the
upper Midwest, and at higher altitudes in the Western United States.
Under the 2006 US EPA Tier II regulations, sulfur levels in diesel fuel and
gasoline have recently been reduced to below 15 ppmw and 30 ppmw (parts per million
on weight basis), respectively4, 6. These regulations are limits, not averages, in order to
protect catalytic air pollution equipment5. Additionally, non-road diesel limits will be
reduced to 15 ppmw in 20107. European legislation will reduce sulfur content in fuels to
10 ppm by 20098. Due to society’s demand for a cleaner environment, it is anticipated
that the sulfur regulatory limits will be reduced to near zero sulfur at some places
globally in the near future2, 9.
Despite the recent progress towards more stringent sulfur regulations, the current
amount of sulfur present in liquid transportation fuels is too high for fuel cell
applications.

Fuel cells are promising stationary or portable power sources for

automotive, home, and military applications. For example, fuel cells could be valuable in
aircraft systems to replace pneumatic devices in important equipment such as cabin
pressurization and anti-icing systems10. Liquid transportation fuels such as gasoline and
diesel are convenient feed sources for reforming to hydrogen for fuel cells due to their
high energy density (greater than alcohol fuels), safety, existing infrastructure, and ease
of storage4, 6.
However, sulfur is detrimental to the fuel cell lifetime and catalyst, as sulfur and
H2S, formed by reforming of fuel containing sulfur compounds, poisons the water-gas
shift catalyst, the reforming catalyst, and the fuel cell electrode catalysts6. Thus, sulfur
levels in the fuel should be less than 1 ppmw, preferably as low as 0.1 ppmw for a
proton-exchange membrane fuel cell (PEMFC) and 10 ppmw for a solid oxide fuel cells
(SOFC)

6, 11

. To achieve these goals, adsorption desulfurization at ambient temperatures

and pressures may be applied in an organic sulfur trap in the form of a replaceable
cartridge prior to reforming for on-site and on-board fuel cells12. Besides reducing the
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energy needs, performing adsorption at ambient temperatures also provides an advantage
for reducing the start-up time of the fuel cell power generator10.
The PEMFC and SOFC are promising for the future of clean energy. The SOFC
has some advantage over the PEMFC because SOFC synthesis gas can be directly used
by the fuel cell, as opposed to further water-gas shift (WGS) and preferential oxidation
(Pr-Ox) reactions required by PEMFC. Portable power applications using SOFC may be
attractive in a so-called compact logistic fuel preprocessor and reformer (LFPPR) system,
which converts logistic fuels into hydrogen-rich synthesis gas13. For these applications,
the goal for adsorbent development is a targeted capacity of 10 mg S/g adsorbent capacity
to below 30 ppm S13. Nonetheless, it is important to anticipate future fuel processing
requirements from both types of fuel cells, so sulfur target levels should essentially be
near zero, or 0.1 ppmw. Furthermore, low temperature processes without hydrogen are
desired, since using hydrogen requires a compressor on-site or on-board.

3

1.1 Adsorption at Solid Surfaces
The adsorption of sulfur molecules onto solid surfaces occurs via physical
adsorption or chemical adsorption. Physical adsorption (physisorption) is due to Van der
Waals forces and electrostatic forces in molecules with a permanent dipole moment. The
forces that physically attract a molecule to the surface do not alter the adsorbate molecule
and are usually relatively weak. On the other hand, chemical adsorption (chemisorption)
involves the formation of a chemical bond between the adsorbate molecule and the
surface. The surface of an adsorbent material has one or more free valencies as a result
of broken covalent bonds between atoms at the surface. This leads to an imbalance of
forces at the surface and a net surface energy at the free valencies. Chemisorption
involves molecular interactions with these free valencies, leading to a monolayer of
coverage on the adsorbent surface. A comparison of physisorption and chemisorption is
presented in Table 1. Chemisorption that involves dissociation of the adsorbed molecule
is called dissociative adsorption. Molecules that adsorb chemically through pi-electrons
and lone pair electrons do not necessarily undergo dissociation, but participate in ‘free
valencies’ through non-dissociative adsorption14.

4

Table 1. Properties of Chemical and Physical Adsorption14
Trait

Chemisorption

Physisorption

Enthalpy of adsorption,
-ΔHads

40-800 kJ/mol

8-20 kJ/mol

Activation Energy, Ea

small

zero

Temperature

depends on Ea,
usually low

depends on BP,
usually low

# layers adsorbed

one

one or more

Trends

activated, may be slow or
irreversible, involves etransfer leading to bond
formation

rapid, non-activated,
reversible, van der Waals
forces , electrostatic
interactions

Because there is no activation energy involved in physical adsorption, the rate is
usually fast. On the other hand, chemisorption has an activation energy, which is related
to the rate coefficient by the Arrhenius equation,
Equation 1. Arrhenius equation
⎛ − Ea ⎞
k = A exp⎜
⎟
⎝ RT ⎠

where k is the rate coefficient for chemisorption, A is the pre-exponential or
frequency factor (proportional to the number of collisions per unit area surface per unit
time), and Ea is the activated energy. The activation energy can be determined by
plotting the ln(k) versus 1/T to yield the slope, which is –Ea/R. For sulfur adsorption that
occurs via chemisorption, the Arrhenius plot describes how changes in reaction
temperature affect the rate.
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Figure 1. Arrhenius plot

The amount of sulfur adsorbed to a surface is characterized by an isotherm, which
plots the amount of adsorbed sulfur as a function of pressure or concentration at constant
temperature.

For monolayer adsorption, this relationship is often described by the

Langmuir isotherm. Langmuir adsorption is the most basic model for chemisorption, and
operates under a set of assumptions15:
•

Molecules are chemically adsorbed at a fixed number of well-defined
localized sites as a monolayer

•

Each site can hold one adsorbate molecule

•

All sites are energetically equivalent

•

There is no interaction between molecules adsorbed on neighboring sites

•

Equilibrium exists between adsorption and desorption

For a single molecular species, A, in equilibrium with a surface site:
Equation 2. Unimolecular elementary equilibrium reaction
A+ S ⇔ A−S

b=

[A − S ]
[A][S ]
6

The adsorption coefficient, b, is expressed by the equilibrium equation. Substituting
concentrations for coverages and rearranging the expression yields the Langmuir
adsorption isotherm, where θ equals coverage and P is the pressure or concentration of A
at equilibrium.
Equation 3. Langmuir adsorption isotherm16

θ=

bP
1 + bP

If adsorption of sulfur from liquid fuels follows the Langmuir isotherm, the
relationship between the amount of sulfur in the liquid fuel and the amount of sulfur
adsorbed on the surface at equilibrium, q, can also be expressed with the following
equation:
Equation 4. Langmuir isotherm for adsorbed sulfur species16

q=

Kqm Ce
1+ KCe

q = concentration sulfur adsorbed
K = adsorptioneq.const
q m = maxadsorptioncapacity( MAC )
Ce = conc sulfur inliquid fuel ( ppmw)

Ce
C
1
=
+ e
q
qm K qm

Because the concentration of sulfur is relatively low in liquid transportation fuels,
Ce<<1, so the reaction is assumed to be first order. A plot of Ce/q versus Ce will produce
a straight line that yields the adsorption capacity, qm, from the slope (1/qm) and the
adsorption equilibrium constant, K, from the intercept (1/qmK). The adsorption
parameters K and qm indicate the relative affinity for the adsorbate to the adsorbent
surface and reveal information on the chemical, physical, and dynamic properties of an
adsorbent.
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The BET model, developed in 1938 by Brunauer, Emmet, and Teller, is an
extension of the Langmuir model that accounts for multiple layers of coverage, which are
not permitted by the Langmuir theory. The BET equation is expressed by Equation 5.
The BET equation is widely used to calculate the surface area of solid surfaces by
determining the physical adsorption of gas molecules (usually nitrogen) as a function of
pressure.
Equation 5. BET Equation14

1
⎡ P
⎤
v ⎢⎛⎜ 0 ⎞⎟ − 1⎥
P
⎠ ⎦
⎣⎝

=

c −1⎛ P
⎜
v m c ⎜⎝ P0

⎞ 1
⎟⎟ +
⎠ vm c

P = equilibrium pressure
P0 = saturation pressure
v = adsorbed gas quantity
v m = monolayer adsorbed gas quantity
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1.2 Adsorbent Properties
Adsorbent properties can be categorized as dynamic, chemical, or physical
properties. The dynamic properties of adsorbents for sulfur removal are related to the
behavior during the desulfurization process, such as capacity, selectivity, and
regenerability.

Chemical properties include adsorbent composition and structure,

electronic properties, electrostatic properties, and acid/base properties.

The physical

properties comprise surface area, pore size and distribution, particle size and shape, and
also include mechanical properties such as crush strength and attrition resistance.
Adsorbent design and selection should aim to optimize the chemical, physical, and
mechanical properties of the material to meet the target objectives of the desired
application.

1.2.1 Dynamic Properties
A successful adsorbent should meet three key criteria: a high capacity, a high
selectivity, and a favorable regenerability. The dynamic properties of an adsorbent
comprise these three important features. The adsorbent breakthrough capacity indicates
the amount of fuel that can be treated before any detectable sulfur is measured at the
outlet. Theoretically, the saturation capacity corresponds to the sorbent’s equilibrium
capacity.

The breakthrough capacity is related to the kinetic capacity, while the

saturation capacity is related to the thermodynamic limit of adsorption. The adsorbent
capacity is normalized to a unit mass of adsorbent basis, which reflects both physical and
chemical adsorbent properties. However, the capacity can also be expressed on the basis
of a volume of adsorbent, which is important for engineering design, or on a per unit
surface area basis, which is indicative of the surface chemical properties of the
adsorbent16.
The selectivity of an adsorbent describes the separation of particular compounds
as an expression of the ratio of rates for competing reactions on the adsorbent surface.
For fixed bed flow tests, the relative selectivity is expressed as the breakthrough amount

9

for a given compound relative to the breakthrough amount for a reference compound.
The relative selectivity factor, α, is expressed by Equation 6, where Wb is the kinetic
adsorptive capacity at breakthrough for compounds i and a reference compound, j.
Equation 6. Relative selectivity factor
Wbi
α=
Wb j

The regenerability of an adsorbent determines its usability and indicates the
lifetime of the material. Several methods for regenerating spent adsorbents have been
considered, including solvent washing and thermal treatment via oxidation and/or
reduction. Most adsorbents for selective adsorption of sulfur at ambient temperatures and
pressures can be regenerated via solvent washing, usually with a polar solvent. However,
one of the simplest and most convenient methods is oxidative regeneration. Oxidative
regeneration can be achieved for mixed metal oxide adsorbent Ti0.9Ce0.1O2 at
temperatures greater than 350 °C17. In some cases, it may be appropriate to select a
sorbent with a longer lifetime over a higher capacity.

1.2.2 Chemical Properties
An adsorbent’s chemical properties are usually determined on the surface at the
molecular level15. One of the main criteria for evaluating an adsorbent that acts through
chemisorption is the amount of active sites and their density3. In addition to the influence
of surface composition and active sites on adsorption capacity, the electronic properties
of an adsorbent have been suggested to affect the adsorption of sulfur from liquid fuels
for some materials.
The electronic properties of a material include the dipole, bond order, atomic
partial charge, and ionization potential3. The ionization potential, or ionization energy,
describes the strength by which an electron is held within an atom or molecule, and also
10

provides an indication of the reactivity of an element. Fringuelli et al. investigated the
aromatic properties of thiophene and benzene and verified that the aromaticity of benzene
was higher than thiophene and the ionization potential of thiophene is higher than
benzene18.
The electrostatic potential is the potential energy per unit charge that is associated
with a static electric field. Lone electron pairs and pi-bonds in a molecule produce a
concentrated electron density that attracts protons, and corresponds to a negative
electrostatic potential. The electrostatic potential has been suggested as a potential
contributing factor to the mechanism for sulfur adsorption onto activated alumina but not
for activated carbon3. The electrostatic potential of a molecule also determines its
polarity, while the polarity is influenced by the electronegativity of atoms.
Electronegativity describes the affinity of an atom to attract electrons to itself in a
covalent bond. The atom with the highest electron affinity is fluorine, and in general the
affinity decreases as one moves farther away from fluorine on the periodic table. A
larger difference in electronegativity between two atoms in a bond induces a higher
polarity in molecule. Similarly, the atomic partial charge indicates electronegativity of
atoms within the bond. More electronegative atoms have more negative partial charges
within the dipole.
The acid/base properties of a material may also play a role in the selective
adsorption of sulfur by some materials. For example, acidity has been found to affects
the adsorption performance of activated alumina adsorbents, possibly by promoting
isomerization of sterically hindering methyl groups away from the sulfur atom 3. On the
other hand, nickel supported on SiO2-Al2O3 was selective to indole (neutral) over
quinoline (basic), indicating that the acid–base interaction does not play an important role
in the adsorption over Ni/SiO2-Al2O33.
The effect of chemical properties differs based on the type of adsorbent utilized.
Surface composition and functional groups are chemical properties that have been shown
to affect the adsorption capacity of activated carbon. The adsorbent capacity has been
attributed to chemical properties of the surface because even at maximum coverage, a
large portion of the surface is not covered by sulfur compounds19. The selectivity of
adsorbent was shown to depend on the nature of surface functional groups, especially
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oxygen functional groups19. However, the adsorbent selectivity for activated carbon was
not correlated to electronic properties, nor could it simply be correlated to electrostatic
interaction, although methyl groups are responsible for enhancing the adsorption capacity
by increasing the electron density of the aromatic molecule3.

1.2.3 Physical Properties
The relative adsorption affinity is physically limited by the amount of
approachable surface, which is a function of the surface area of the adsorbent, S, and the
pore structure of the material. The rate of transport to and from surface is proportional to
the surface area of the adsorbent, provided that the rate is faster than the adsorption
reaction. In general, increasing the surface area increases the area available for a
reaction, so adsorption should increase15. The surface area can be increased by
increasing the porosity of a material, creating a large number of fine channels for
adsorbate to enter. For the activated carbon material, increasing surface area has been
shown to increase the capacity, especially for the surface area of the micropores19.
The adsorbent pore volume and pore size distribution indicates the effective and
accessible surface area in a certain pore size range, which is helpful to maximize liquid
diffusion and surface area of the adsorbent3. Pore size is classified into three categories
based on the pore size diameters: micropores (<2 nm), mesopores (2-50 nm), and
macropores (>50 nm). Different materials have different characteristic pore sizes and
distributions. For example, activated carbon has a particularly high surface area and most
of the adsorbent surface area exists in the micropores, while most of the pore volume
comes from the macropores15. On the other hand, alumina has a relatively low surface
area, and most of its pores are macropores.
In addition to the surface area and pore size, the actual adsorbent particle size and
shape and particle size distribution play a role in the adsorbent capacity. The more
circular an adsorbent particle is, the smaller the geometric surface area. The particle size
distribution affects process parameters such as liquid flow and pressure drop, thus
affecting product yield and economics15. Larger particles reduce pressure drop but may
12

hinder efficient contact between liquid and adsorbent, while smaller particles maximize
surface area but minimize the pore diffusion path15. In combination with the reactor
dimensions, these properties will also affect the pressure drop. Hence, optimizing
particle size is important for fixed bed adsorbent reactions.
The physical mechanical adsorbent properties include the adsorbent crush
strength and attrition resistance. Because more dynamic control is required for fluidized
beds, the attrition resistance is especially important for processes that take place in
fluidized beds (e.g., fluid catalytic cracker), but is not considered for fixed bed
continuous flow reactors. However, fixed bed design should consider crush strength at
the bottom of a very large reactor to ensure that particles do not break up and plug the
reactor. Crush strength is evaluated on the basis of a particle and for the bulk material.
The particle crush strength is the force required to crush a particle in the axial or radial
direction while the bulk crush strength is defined on the basis of the displacement of fines
versus the hydraulic pressure 15. Binders are often used to prevent collapse under high
pressure.

1.3 Selective Adsorption in Desulfurization of Liquid Fuels
The adsorption of sulfur is highly influenced by the electronic structure of organic
molecules in liquid transportation fuels. Atoms with lone electron pairs and pi-bonds
have a more negative electrostatic potential, corresponding to an affinity to attract more
positive electronegative atoms.

The electrostatic potential of sulfur compounds

dibenzothiophene (DBT) and 4,6-dimethylbenzothiophene (4,6-DMDBT) are shown in
Figure 2 along with the potentials of naphthalene (Nap) and 1-methylnaphthalene (1MNap). In the figure, the negative electrostatic potential increases as the color shading
moves to blue, pink, and purple. The illustration shows that the negative electrostatic
potential values increase in the order Nap < 1-MNap < DBT < 4,6-DMDBT 3. Methyl
groups attached to the aromatic structure act as electron donors (with a partial negative
charge), increasing the overall electrostatic potential of the molecule.
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The sulfur atom in thiophene has two lone pairs of electrons20. When sulfur
replaces carbon in an aromatic ring structure, the aromaticity decreases, as verified by
Fringuelli et al18. However, the overall electrostatic potential increases because one of
sulfur’s electron pairs joins the aromatic ring plane. Thus, the electrostatic potential of
thiophene is relatively high, and increases further as more aromatic rings and methyl
groups are added to thiophene, in the order T > BT > DBT > 4,6-DMDBT. This has been
confirmed by Kim et al, who verified that methyl groups on organic sulfur molecules
were calculated to increase the negative electrostatic potential on the aromatic rings3.
The polarity also increases in this order, as the difference in partial charge increases (in
comparison to naphthalene) when methyl groups and sulfur atoms are added to aromatic
ring structures.

Figure 2. Electrostatic potential on electron densities for aromatics and organic sulfur
compounds3

Other electron-rich hydrocarbons such as aromatics and olefins also exist in liquid
transportation fuels.

Olefin is more reactive than aromatics due to higher electron

mobility.
Thiophenic molecules can participate in bonding through the two lone pairs of
electrons located on the sulfur atom: one pair on the plane of the ring and the other pair
on the pi-system. The sulfur-adsorbent interaction can occur directly between sulfur and
a metal via the lone pair of electrons on the sulfur atom and/or through the formation of a
pi complex with a metal.
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The interaction with sulfur and organometallic complexes can take place through
several coordination geometries, as shown in Figure 3.

The direct sulfur-metal

interaction occurs for geometries n1S and S-µ3, which forms the basis for the selective
adsorption for removing sulfur (PSU-SARS) process at ambient temperatures and
pressures without hydrogen.

Figure 3. Coordination geometries for thiophene with metal species in organometallic
complexes

The other mode of interaction between organic sulfur compounds and solid
adsorbents is via pi-pi interaction, (i.e., η5 configuration).

Activated carbon

desulfurization adsorbents exhibit a higher selectivity for 4.6-DMDBT, and the general
selectivity trend is opposite to that of adsorbents that perform through a direct sulfurmetal interaction. Although the trend for activated carbon is a higher selectivity for
molecules with a more negative electrostatic potential, this behavior was not followed for
nitrogen compounds, indicating that the adsorption mechanism cannot simply be ascribed
to this property. Activated carbon adsorbents have been proposed as suitable adsorbents
for diesel fuel, due to their high selectivity for refractory sulfur compounds, especially
4,6-DMDBT.

However, the affinity for electron-rich molecules creates competition

between organic sulfur molecules and aromatics, which also have high electron density,
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reducing the overall selectivity for sulfur compounds in liquid fuels with a high aromatic
content. Yang et al., studied pi-complexation interactions for the removal of thiophenic
compounds from liquid transportation fuels and found that Ag- and Cu-exchanged with Y
zeolites are effective materials for sulfur removal from liquid fuels. The selectivity and
capacity of the adsorbents is attributed to pi-complexation via Cu+ and Ag+ on the basis
of molecular orbital theory calculation21.
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CHAPTER 2 LITERATURE REVIEW AND RESEARCH OBJECTIVE

2.1 Sulfur in Transportation Fuel
Sulfur (S) is an element with an atomic number of 16. Sulfur can be found in its
native form as a yellow crystalline solid, or within organic and inorganic compounds.
Liquid hydrocarbons fuels derived from petroleum resources contain different kinds of
sulfur compounds ranging from thiols and sulfides to thiophene to the heavier, more
refractory benzothiophene and dibenzothiophenes and are typically distributed as shown
in Figure 4.
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Figure 4. Reactivity of various sulfur compounds found in liquid transportation fuels1.

Gasoline comes from a refinery blend of straight run naphtha, fluid catalytic
cracker (FCC) naphtha, and coker naphtha, however, a large fraction (about 90%) of the
sulfur in gasoline comes from the FCC unit1. Typically, gasoline contains organic sulfur
molecules as mercaptans, sulfides, disulfides, thiophene and its alkylated derivatives, and
benzothiophene (BT). The gasoline boiling range is 30-225°C23.
Jet fuels are kerosene-based fuels for military applications.

The US Navy

designed Jet Propellant 5 (JP-5) for navy shipboard activities24. JP-5 is characterized by
its low volatility and high flash point for safety during storage. A similar jet fuel, JP-8, is
used by the US Air Force as jet aircraft fuel for turbine engines. JP-8 is similar to the
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commercial jet fuel, Jet A and Jet A-1, but has deicing and antistatic additives, a
corrosion inhibitor, and a lubricity enhancer. Typical aviation fuel properties and the
general composition of JP-5 and JP-8 are shown in Table 2. The sulfur compounds in jet
fuel are made up of a range of alkylated benzothiophenes13, and major compounds are diand

tri-methylbenzothiophenes7.

Specific

sulfur

compounds

include:

2,3-

dimethyldibenzothiophene (2,3-DMDBT), 2,3,7-trimethylbenzothiophene (2,3,7-TMBT),
2,3,5/6-trimethylbenzothiophene (2,3,5-TMBT)6, 13. The boiling range for jet fuel is 160300°C6.
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Table 2. Typical aviation fuel properties25
Property
Approx. formula
H/C Ratio
Boiling Range, °C
Freeze Point, °C
Flash Point, °C
Net heating value,
BTU/lb
Specific Gravity,
15 °C
Critical T, °C
Critical P, psia
Avg Composition
(vol%)
Aromatics
Naphthenes
Paraffins
Olefins
Sulfur (ppm)

JP-4
C8.5H17
1.99
60-238
-62
-23
18,700

JP-5
C12H22
1.87
182-257
-50
64
18,530

JP-7
C12H25
2.02
188-249
-44
60
18,700

JP-8 (JetA/A-1)
C11H21
1.91
166-266
-51
53
18,580

0.76

0.81

0.79

0.81

327
450

399
290

399
305

410
340

10
29
59
2
370

19
34
45
2
470

3
32
65
60

18
20
60
2
490

Diesel fuel is mainly composed of straight chain molecules for compression
ignition engines. The boiling range for diesel is 160-380 °C23. The gas oil range diesel
blend is a combination of straight run diesel, FCC light cycle oil (LCO), hydrocracker
diesel, and coker diesel2. Sulfur compounds in diesel fuel consist of mainly alkylated
benzothiophene (BT), dibenzothiophene (DBT) and its alkylated derivatives. The GCFPD chromatograms in Figure 5 illustrate the different sulfur compounds for gasoline, jet
fuel, and diesel fuel.
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Figure 5. GC-FPD chromatograms for gasoline, jet fuel, diesel1
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Diesel fuel contains a complex mixture of many hydrocarbons including
aromatics, paraffins, and a small amount of olefins. The aromatics content of diesel fuel
varies, from <25% for “straight run” diesel to 40-45% for catalytic cracking of residual
oil26. The minimum aromatics content for diesel required by the EPA is 27% aromatics5.
Aromatics have a similar framework to organic sulfur compounds and have been shown
to have an impending effect on the selective adsorptive removal of sulfur from liquid
fuels1, 26, 27. In addition, refineries supplement the diesel pool with a number of additives,
which may affect the removal of sulfur from real diesel fuel. These additives generally
affect one of four functions: engine performance, fuel handling, fuel stability, or
contaminant control28. Table 3 describes many of the additives used in diesel fuel today,
which include molecules containing polar compounds and nitrogen.

Jet fuel also

contains many additives for similar purposes, such as antistatic agents, lubricants, and
corrosion inhibitors. Although the effect of these fuel additives on sulfur adsorption has
not been clarified, nitrogen has been shown to be an inhibitor of HDS, and also shows an
affinity for adsorbents such as silica gel, activated carbon, and alumina3, 26, 29.
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Table 3. Diesel fuel additives28
Function
Cetane Number/Diesel
Ignition Improvement

Compound

Typical Amount

2- ethylhexyl nitrate (EHN)

0.05 - 0.4 wt %

Antifoam Additives

fatty acids
esters
organosilicone compounds

10 - 50 ppm
50 - 250 ppm
<10 ppm

De-Icing Additives

low MW alcohols or glycols

Low Temperature
Operability Additives

polymers

Drag Reducing Additives

high MW polymers

<15 ppm

alkylated phenols & amines
(e.g., phenylenediamine)
strongly basic amines

10 - 80 ppm

Injector Cleanliness

Antioxidants
Stabilizers
Metal Deactivators
Dispersants

50 - 150 ppm
1 - 15 ppm
15 - 100 ppm

24

2.2 Approaches to Desulfurization of Liquid Fuel

2.2.1 Hydrodesulfurization
Hydrodesulfurization (HDS) is the conventional process used in refineries to
reduce sulfur in gasoline and diesel to current regulatory levels3. Removing sulfur from
liquid transportation fuels by HDS involves hydrogen according to the reaction(s) shown
in Figure 6, where H2S is formed as a product 31. HDS is performed at high pressures of
hydrogen (3-7 MPa) and high temperatures (320-380 °C) using a molybdenum sulfide
catalyst promoted by cobalt or nickel and usually supported on porous γ-alumina31.

Figure 6. Hydrotreating pathway for typical organic sulfur compounds in liquid
transportation fuels2
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The primary goal of gasoline HDS desulfurization is efficient sulfur removal
without reducing the octane number of the fuel. The major contributor to sulfur in the
gasoline pool is FCC naphtha, which makes up only about 35% of fuel mixture but
contributes to 90% of the sulfur1. Sulfides, disulfides, and thiols are more reactive than
thiophene by an order of magnitude due to a higher electron density on sulfur atom,
which weakens the C-S bond and facilitates HDS.

Furthermore, gasoline contains

considerable concentration of olefins which are desirable because they increase the
octane number of the fuel. The problem associated with HDS of gasoline is the tendency
for hydrogen to saturate the olefins, which decreases the octane number while
unnecessarily increases hydrogen consumption.
Challenges to HDS of diesel fuel became increasingly difficult when the goal was
to reduce sulfur levels to below 15 ppmw. At these levels, severe conditions are required
to produce ultra low sulfur fuels due to the presence of refractory sulfur species in the
fuel 1, 3, 4, 15. These aromatic sulfur compounds have reduced HDS reactivity by an order
of magnitude for every aromatic ring present in the compound, in the order of thiophenes
> benzothiophenes > dibenzothiophenes 9. Moreover, when methyl groups exist at the 4and/or 6- positions of DBT, the reactivity is reduced further due to steric hindrance of the
methyl groups1, 9. The low reactivity compounds are commonly referred to as refractory
sulfur compounds1, 12, 32, 33. As shown in Figure 7, the sterically hindered compounds in
diesel fuel mostly come from LCO5. Despite these difficulties, HDS is currently the only
commercially feasible process for producing ultra low sulfur diesel fuel9.
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Figure 7. Sulfur chromatogram of distillate range hydrocarbons34

In order to reduce sulfur level to less than 15 ppm, the size of the HDS reactor
needs to increase by a factor of 3-156, 35, with corresponding cost increase due to high
temperatures and pressures, and the consequential need for thick-walled vessels. To
achieve ultra low sulfur fuel and reduce energy and capital costs, improvements to HDS
catalysts and processes have been made progressively.
The efficient removal of 4,6-DMDBT molecule is a particularly important
research topic.

The removal of 4,6-DMDBT occurs either through a direct

desulfurization route or by reducing steric hindrance at the 4 and 6 positions36. Reducing
the steric hindrance can be achieved via several reaction pathways: hydrogenation and
saturation of one of the phenyl rings, isomerization reactions that shift the methyl groups
from the 4,6 positions to either the 3,7 or 2,8 positions, dealkylation reactions that
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remove one of the two methyl groups, or the scission of the C-C single bond in the
thiophenic ring36. Modifying alumina supports and designing new support materials can
achieve these reactions and increase the overall HDS activity.
Alternatively, gasoline has been treated by deep HDS with corresponding olefin
saturation followed by restoration of the octane number, but this process only applies to
limited streams and results in a high aromatic content9.

New processes are developed,

for example, CD TECH’s CDHydro/CDHDS and ExxonMobil’s Scanfining
In general, the major problems associated with HDS are energy use, process
variables, and cost, thus alternative methods which are less energy intensive and
expensive will be beneficial for producing ultra-low sulfur fuels.

Perhaps more

importantly, HDS will not be feasible for portable fuel cell applications, since the use of
hydrogen, high pressures, and high temperatures is not practicall.
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2.2.2 Adsorption Desulfurization
To produce ultra-clean fuels, several new methods are being researched as
alternatives to conventional HDS, including adsorptive desulfurization, oxidative
desulfurization, biodesulfurization, and solvent extraction.

Among these, adsorptive

desulfurization is a promising approach to produce clean fuel below 1 ppmw for fuel cell
applications.
Conoco Phillips has developed and commercialized the S Zorb process to produce
low sulfur gasoline by reactive adsorption37.

The S-Zorb process operates at

temperatures between 340-420° C with hydrogen (at pressure 30-300 psi) in a fluidized
bed to remove thiophenic compounds from gasoline which is in vapor state at the
conditions of the process with a solid adsorbent 38. It is suggested that the adsorbent is
made up of zinc oxide, alumina, silica, and nickel oxide1, 2.

The spent sorbent is

regenerated first with nitrogen, then oxidatively with air, and finally reduced 32. In 2001,
the first demonstration plant began as a 6000 bbl/day unit in a Borger, TX refinery. An S
Zorb process for diesel has also been reported, achieving high yields (>99%) for on-road
diesel blends but there has been no commercialization announced yet probably due to the
energy intensity of the process for vaporizing diesel fuel.
Similarly, the TReND (Transport Reactor Naphtha Desulfurization) process has
been developed at Research Triangle Institute (RTI). This process is similar to S-Zorb,
but uses a metal oxide of iron or copper promoted by Al2O3-ZnO9 sorbent at high
temperature (>400 °C) with or without hydrogen to remove sulfur from FCC naphtha7, 38.
Sulfur compounds from mercaptans to benzothiophenes are removed by this process,
which is housed in a high-throughput transport reactor instead of a fixed- or fluidized
bed39. The transport reactor has been cited as smaller in size with more efficient heat and
mass transfer, but extremely attrition resistant particles and fast kinetics are essential40.
Pilot plants for processing up to 20 gallons per hour have been planned, but the process
has not yet been demonstrated in an existing refinery.
IRVAD was developed by Black and Veatch Pritchard Inc. and Alcoa Industrial
Chemicals for low sulfur gasoline. The IRVAD process is also similar to S Zorb but
operates at less severe conditions. The process uses a multi-stage adsorber with alumina29

based adsorbent, operating at 240° C, low pressures with no hydrogen, but is not
currently being developed2. The S Zorb and IRVAD processes have been described by
Babich and Moulijn by the reactive adsorption mechanism shown in Figure 82. The
adsorption usually involves nickel functioning as an HDS site, resulting in H2S, which is
then taken up by ZnO to form ZnS.

Figure 8. Mechanism of reactive adsorption desulfurization2

Selective adsorptive desulfurization is an alternative method to HDS that can be
used to selectively remove sulfur to produce ultra low sulfur fuel at ambient temperature
and pressure.

Selective adsorption is attractive because the adsorbent preferentially

interacts with sulfur molecules (rather than other hydrocarbons) even at low
concentrations in the fuel. Adsorptive desulfurization can operate at lower pressures and
temperatures with little to no hydrogen use, making it suitable for on-site and on-board
fuel cell applications.
An integrated process that combines selective adsorption at ambient temperatures
with hydrodesulfurization has been proposed as a means to achieve ultra-deep
desulfurization in a future refinery1. In this process, sulfur compounds are first adsorbed
in an adsorber at ambient temperature and pressure without using hydrogen. Once the
adsorbent becomes saturated, the sorbent is regenerated via solvent elution, and then the
concentrated sulfur fraction is treated in a small HDS reactor. The reactor is smaller and
more efficient since the adsorption step separates the sulfur compounds from olefins and
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aromatics, which are HDS inhibitors. The ultra-low sulfur fuel can be used for both
automotive and fuel cell applications.
The S Zorb and TReND processes require severe conditions that differentiate
these processes from sulfur adsorption approaches being explored.

However, the

removal of organic sulfur compounds without using hydrogen has not been realized yet
on a commercial scale.

Although significant progress has been made on the

understanding of adsorptive desulfurization, many scientific aspects vis-à-vis the sulfur
removal mechanism for various adsorbents remain unclear. Thus, it is important to
address these issues to adsorption without hydrogen.
Another selective adsorption desulfurization approach is pi-complexation, which
involves forming pi(π) bonds between the adsorbent and aromatic sulfur molecules.
These pi bonds are stronger than van der Waals interactions but can be broken using
treatments of temperature and/or pressure22. For the removal of thiophenic compounds
from liquid transportation fuels, Hernandez-Maldonado and Yang found that Ag- and Cuexchanged with Y zeolites are effective materials for sulfur removal from liquid fuels,
and attribute the selectivity and capacity of the adsorbents to pi-complexation via Cu+
and Ag+ on the basis of molecular orbital theory calculation22.
However, the pi-complexation concept has been called into question since it is not
clear how sulfur species at the ppm level are distinguished from the aromatics and
olefins, which make up over 15 wt.% of fuel and also due to the stability of the
adsorbents used as they are more reactive to the oxygen containing species. Studies has
demonstrate that aromatics and olefins will compete for the active sites for sulfur removal
by adsorption38.
Another process is the selective adsorption for the removal of sulfur (PSU-SARS)
concept, which enables the removal of organic sulfur compounds from gasoline, diesel,
and jet fuel at ambient temperature and pressure without the use of hydrogen, making it
more cost-effective and environmentally friendly.

Desulfurization occurs through a

direct sulfur-adsorbent interaction, which is site-specific between sulfur and a metal.
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2.2.3 Materials for Selective Adsorption
Desulfurization by selective adsorption is based on the concept that organosulfur
compounds can be selectively removed from liquid hydrocarbon streams without
affecting the other compounds in the fuel. In order to further develop the PSU-SARS
concept and other adsorptive desulfurization processes, a number of materials have been
developed and tested. The performance of adsorbent materials for desulfurization is
mainly evaluated by the dynamic sorbent properties: sulfur capacity at breakthrough,
sulfur capacity at saturation, selectivity for sulfur compounds, and regenerability.

2.2.3.1 Supported Transition Metal Complexes
A transition metal complex of 3HCl-PdCl2 (5 wt.% loading), supported on MCM48, has been successfully developed for the effective removal of sulfur from both
gasoline and diesel fuel6. This material is herein referred to as A-1. The A-1 adsorbent
has been shown to selectively adsorb sulfur from gasoline and diesel fuel, even 4,6DMDBT. However, the methyl groups in 4,6-DMDBT were shown to interfere with
interaction between sulfur and metal6.
The theoretical basis for this class of materials is based on the coordination
geometries of thiophene with transition metal complexes, as described by Figure 3. Two
of the eight possible coordination geometries, η1S and S-μ3 (delineated in the Figure),
involve a direct sulfur-metal interaction, suggesting that it may be possible to selectively
adsorb thiophene compounds through this coordination12. Furthermore, molecular orbital
calculations suggest that interaction may occur through highest occupied molecular
orbital (HOMO) on the sulfur atom with the lowest unoccupied molecular orbital
(LUMO) of the metal species, since the HOMO for thiophene (T), benzothiophene (BT),
and dibenzothiophene (DBT) is located on the sulfur atom, but the HOMO for aromatics
benzenes and naphthalene is found on the six-member ring12.
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2.2.3.2 Nickel-based Adsorbents
One of the promising groups of materials for sulfur removal is nickel-based metal
adsorbents, owing to their high capacity and selectivity. For example, nickel-adsorbents
have been reported as better for removing thiophenic compounds from liquid
hydrocarbon fuels, which are typical in gasoline feedstocks31. Comparisons on the basis
of adsorbent capacity have shown that nickel adsorbents perform better than copper
exchanged zeolites, activated carbon, and activated alumina3, 19, 31.
The theoretical mechanism for adsorptive removal of sulfur with a metal
adsorbent is based on a direct sulfur-metal interaction, which most likely forms surface
nickel sulfides3, 31. This interaction was confirmed by a study between jet fuel and a
fractionated jet fuel, which contained less sterically hindered molecules. The capacity
was greatly improved when the fractionated jet fuel was used13.
A study by Ma et al. for treatment of a model gasoline with a Ni-Al adsorbent (A2) at room temperature found ethylbenzene in the effluent before the point of BT
breakthrough, suggesting that hydrogenolysis of BT forms ethylbenzene in the product31.
Furthermore, adsorption of sulfur resulted in nickel sulfides on the surface. This reaction
is irreversible and thus, sulfur is not removed under the adsorption reaction conditions31.
The proposed mechanism for sulfur removal via nickel-based adsorbents without
hydrogen involves C-S bond cleavage, followed by the formation of hydrocarbon
radicals. These radicals are either capped with surface hydrogen or, if no hydrogen is
available, undergo radical recombination reactions. For this reason, available hydrogen
on the surface of the adsorbents may be important when no hydrogen is fed into the
process31.
The adsorption and decomposition of thiophene on nickel metal adsorbents at
room temperature has been studied by Huntley et al., who suggested that thiophene
adsorption on nickel was through direct sulfur-metal interaction and not pi-pi interaction
(shown in Figure 9). The conclusions were based on the adsorption of 2,5-DMT and
corresponding decomposition of the 2, 5 methyl groups. Had the adsorption occurred via
η5 interactions, the decomposition of the methyl groups would not have occurred.
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Figure 9. Mechanism for thiophene bonded to Ni metal substrate

There are two probable configurations for direct sulfur-metal adsorption: end-on
adsorption and side-on adsorption. For end-on adsorption, sulfur interacts with surface
nickel through coordination geometries η1S and/or S-μ3, as previously shown in Figure 3.
For this coordination, steric hindrance may play a role in negatively affecting sulfur
adsorption3. On the other hand, a side-on configuration involves flat adsorption of sulfur
compound and pi-electron interaction with the surface3. Nickel has been shown to
interact with organic sulfur in liquid fuel through both mechanisms.
A study by Kim et al. suggested that the adsorption of 4,6-DMDBT is reversible
and occurred through side-on adsorption, but the adsorption of benzothiophene (BT) is
probably stronger, irreversible, and occurs through the end-on adsorption geometry. This
direct interaction is inhibited by the presence of alkyl groups at the 4 and/or 6-positions
of DBT’s in diesel fuel13.

Therefore, nickel-based adsorbents are considered to be

appropriate for gasoline and jet fuel, but not necessarily for diesel3.
Despite the high performance of nickel adsorbents, several drawbacks should be
considered. One negative aspect of the nickel metal adsorbents is that they are highly
pyrophoric, and therefore require careful handling and passivation treatment during
transportation and storage31. Also, regeneration by reduction with hydrogen at higher
temperatures may be a disadvantage that prevents further development of this material19.
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The adsorption of sulfur compounds with nickel-based adsorbents has been shown
to be significantly improved by increasing temperature from room temperature to 200 °C.
Hence, the adsorption probably occurs through a surface chemical reaction.
One advantage to operating at higher temperatures is that competition with olefins
is decreased at 200 °C vs. 25 °C9, 31. Since selectivity is higher for olefins than sulfur
compounds, the presence of olefins in real fuel may competitively inhibit the adsorption
of sulfur compounds on the surface. The increased selectivity was correlated to a higher
bond order31 .
In a study with gasoline and a Ni-Al adsorbent, the sulfur removal was enhanced
only slightly when increasing the temperature from room temperature to 150 °C with
model gasoline.

In the same study with real gasoline, increasing the temperature

significantly improved the performance, although the capacity for real gasoline was lower
than model gasoline, probably due to olefins present in real fuel. Ma et al. suggested that
increasing the temperature may reduce the adsorption of olefins on the surface by
controlling the hydrogenation of olefins thermodynamically and/or by accelerating the
kinetics of the sulfur adsorption reaction rate with the nickel surface31 .
On the other hand, for the adsorption on Ni/Si02-Al2O3, no direct relationship was
found by Kim et al. to explain the mechanism by calculated properties. That is, no
correlation between bond order and adsorbed compounds in model diesel fuel could be
found, nor could the adsorption be explained by other properties such as ionization, net
atomic charge on S, or dipole magnitude 3
Three nickel-based adsorbents have been developed by the research group of
Song et al.: a bulk Ni-Al (A-2), a NiZnAl (A-4) and a supported nickel, Ni/Si02-Al2O3
(A-5). For A-2, actual active sites are about 67 m2/g so that theoretically, adsorption
capacity should be about 30 mgS/gA31. Nickel-based A-5 was shown to remove sulfur
from 400 ppm sulfur and 10% aromatics at breakthrough capacity of 12.3 mg S/g
adsorbent. Saturated adsorption capacity was 14.1 mg/g38. Literature has shown that A-5
performs better than A-2, which was attributed to its higher surface area of 157 m2/g
versus ~80 m2/g31. This conclusion implies that increasing the Ni surface area is a
strategy to improve the adsorption capacity.
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2.2.3.3 Zeolite-based
Copper exchanged Y-zeolites are an attractive class of materials for
desulfurization of liquid fuels. For example, Yang et al. showed that Cu(I)Y is more
effective than Cu(II)Y for thiophenic compounds and that Cu(I) is selective to thiophene
in liquid fuels32. The proposed mechanism involves pi-bonding interactions, but has not
shown to be the only contributing factor to the adsorption of thiophene. However, the
effectiveness of these materials dramatically decreases in the presence of olefins and/or
aromatics. In even the best case, the capacity is quite low9, 41.
Velu et al. studied Y zeolites and found that the metal ions, Ce3+ or Ce4+,
exchanged in the Y zeolite contribute significantly to the removal of benzothiophene
(BT) sulfur compounds from jet fuels42. Ag-exchanged zeolites were shown to work
through pi-interaction and but adsorption of 1,5-hexadiene is much stronger than benzene
and thiophene. On the other hand, the selectivity of Ce-exchanged zeolites is higher for
sulfur over aromatics. Based on these results and the fact that cerium ions have a low
affinity to form pi-complexes, Ce-exchanged zeolites have been described to work
through a direct sulfur-adsorbent interaction42.

2.2.3.4 Metal Sulfides
CoMo- and NiMo-based catalysts supported on alumina are widely used for
hydrodesulfurization of liquid transportation fuels.
The process of sulfiding a catalyst converts precursors to metal sulfides by
exposing a catalyst to H2S/H2 at 350-400 °C15. Unsupported Mo-based sulfide catalysts
have recently been shown to be active for HDS of DBT and 4,6-DMDBT in liquid phase
adsorption studies43, 44.
Metal sulfide adsorbents have been developed for the selective removal of sulfur
from liquid transportation fuels. For the adsorption of sulfur from liquid transportation
fuels without hydrogen, metal sulfides have shown better performance at room
temperature over 150 °C, indicating that adsorption occurs via selective adsorption and
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not a surface reaction45. These metal sulfides have also been shown to remove refractory
sulfur compounds from diesel fuel.

2.2.3.5 Activated Carbon
Activated carbon materials have a wide variety of environmental applications
including desulfurization of transportation fuels, due to their porous nature, high surface
area, and large pore volumes. Activated carbon is utilized in numerous environmental
applications including water purification, dye removal, and wastewater treatment.
Sulfur compounds in diesel fuel can be selectively adsorbed by activated carbon
due to the polarity of the refractory sulfur compounds and particularly 4,6dimethyldibenzothiophene (4,6-DMDBT), which is especially difficult to remove by
HDS and other conventional desulfurization approaches3,

12

.

Regeneration usually

involves washing with a polar solvent19. Because the selectivity of activated carbon is
enhanced with methyl groups such as methyl alkyl groups on DBT, research suggests that
activated carbon is a promising option for adsorptive desulfurization of diesel fuel, which
is difficult to treat using Ni-based and current HDS technologies3, 19. In fact, activated
carbon has showed higher capacity for sulfur in a model diesel fuel over nickel-based
adsorbents at 4.8 h-1 LHSV: the breakthrough capacity was 3.3 times higher than nickelbased adsorbent A-5 on a weight basis3. However, when normalizing on a surface area
basis, the nickel adsorbent is better, implying that nickel-adsorbent has better surface
chemical properties3. Zhou et al. concluded that although a majority of the carbon
surface is not covered by sulfur molecules, a good relationship was found for a plot of
Ce/q versus Ce, indicating that adsorption obeys the Langmuir isotherm19.

This

information allows the adsorption equilibrium constant, K, and maximum adsorption
capacity, qm, to be obtained for each activated carbon material.
The adsorption mechanism and selectivity for sulfur is not clear but appears to be
different than for the nickel-based adsorbent3. Zhou et al. found that the adsorptionselectivity trend for activated carbon follows the order BT < naphthalene < 2methylnaphthalene < DBT < 4-MDBT < 4,6-DMDBT, regardless of the type of carbon
material used19. This selectivity trend for activated carbon is opposite to that of Ni-based
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adsorbents, where methyl groups have a negative effect on sulfur adsorption. Methyl
groups are electron donors to the aromatic ring, which increases pi-electron density3.
Activated carbon usually removes weaker polarity molecules from more polar
molecules. Unfortunately, sulfur compounds are weakly polar in a non-polar liquid
hydrocarbon phase

19

. Therefore, hydrogen bonding interaction with surface functional

groups may play a role in adsorptive desulfurization3.

Research by Hernandez-

Maldonado et al. claims that activated carbon adsorbs by van der Waals and electrostatic
interactions, so activated carbon is selective to larger molecules with high polarizabilities
over thiophenic compounds, and that smaller compounds will break through first32. For
this reason, Yang and coworkers have used activated carbon as guard bed to first adsorb
aromatics and large sulfur molecules and subsequently increase the capacity for smaller
sulfur molecules on Cu(I)-Y zeolite.
Other research groups have performed studies on sulfur removal with activated
carbon. Salem and Hamid studied model diesel desulfurization with activated carbon and
zeolites, and found that activated carbon adsorbs better at higher temperatures (80 °C)
and for higher concentrations of sulfur (>25 ppm)46. Haji and Erkey compared two
carbon aerogel adsorbents with different pore sizes and found that the materials could
selectively adsorb DBT over naphthalene, and that larger pore sizes (21 nm vs. 4 nm)
resulted in a higher DBT capacity and a higher sulfur adsorption rate47. Sano and
Mochida et al. found that conventionally hydrodesulfurized straight run gas oil can be
reduced to less than 10 ppm sulfur with an activated carbon fiber, and proposed a
consecutive adsorption process for activated carbon coupled with hydrodesulfurization28.
Ania and Bandosz investigated the role of surface chemistry on the activated
carbon adsorption process and found that surface functional groups, carbon pore sizes,
and surface chemistry of activated carbon play a strong role in the adsorption of DBT
from liquid fuels. Also, the linear relationship between density of acidic sites and the
adsorption capacity supported the conclusion that modifications such as addition of
surface function group can enhance the capacity of activated carbon adsorbents48.
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2.2.3.6 Metal Oxides
Metal oxides, for example, ZnO, were originally utilized for the removal of H2S
from gas streams for fuel cell applications11.
Metal oxide adsorbents are reported to have a lower capacity than nickel-based
adsorbents for adsorptive desulfurization of liquid fuels. However, mixed metal oxide
adsorbents are good candidates for adsorbents due to their regenerability by air via
oxidation to remove sulfur from the spent adsorbent surface.
Metal oxides for adsorptive desulfurization involve titanium and cerium mixed
oxides.

Velu et al. investigated the adsorption capacity of Ce loaded zeolites for

desulfurization of jet fuel and found that these adsorbents were selective to sulfur over
aromatics via direct sulfur-adsorbent interaction42. The Ce cation was found to improve
selectivity for sulfur with a model fuel.
Based on the results for removal of H2S and sulfur oxides from flue gases and
natural gas, a series of doped cerium oxide adsorbents were prepared and tested by
Watanabe to study the effect of dopant types in CeO2 on the sulfur removal ability using
thiophene. Watanabe found that doping changed the surface area and pore volume, but
these properties were not the only significant factors in increasing the capacity of the
adsorbent. In particular, CeO2 with Ti was selective towards organic sulfur compounds,
and significant further improvement was seen when pretreating with air.

The

composition of fuels and type of sulfur compounds in the liquid fuels were shown to
affect sulfur adsorption17.
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Table 4. Summary of previous literature on desulfurization adsorbents
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2.3 Research Objectives
Creating a baseline set of data on the performance of adsorbents for
desulfurization for different fuels, under controlled and identical experiment conditions,
is important for the fundamental understanding of adsorbent behavior and for the future
development of new materials and processes for desulfurization. The mechanisms that
govern sulfur adsorption with many adsorbents are not yet well understood3,
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.

Presently, a limited amount of literature exists that directly compares the performance of
adsorbents3.

In addition, the criteria used to evaluate adsorbent performance vary

between sources. These factors (i.e., scarce data, inconsistency between comparisons,
and difference in performance criteria) make it difficult to evaluate the relative
performance of a certain material for a desired fuel and/or application. Creating such a
database will provide an objective, broad perspective of the strengths and weaknesses of
materials with different fuels and sulfur compounds for desulfurization of liquid
transportation fuels.
Side-by-side comparisons under identical conditions are necessary because
adsorbent capacity can be significantly affected by many experimental factors. For
example, the flow reactor bed dimensions, particle size, and fuel flow rate (i.e., space
velocity) will affect the adsorbent sulfur capacity31. For this reason, it is critical to report
and compare results on same experimental basis. These comparisons can also help to
develop an understanding of what interactions may be facilitated between different
materials and different sulfur compounds.
The primary research goals for this study are to test and compare the performance
of promising materials for adsorptive desulfurization of liquid transportation fuels. These
types of materials include supported transition metals, nickel-based materials, activated
carbon, and mixed metal oxides. Nine different materials have been tested with six
different fuel mixtures: model fuels gasoline, diesel, and jet fuel, and real fuels diesel, JP5, and JP-8. Experimental conditions were held constant (e.g., temperature, pressure, fuel
flow rate, etc) in a fixed-bed, continuous flow system.
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A secondary research objective was to evaluate the breakthrough response to
varying process conditions, particularly space velocity and reaction temperature for
nickel-based materials.

For nickel-based adsorbent A-4, the performance at space

-1

velocity of 4.8 h was compared to the performance at 1.2 h-1. Also, reactions at 200 °C
and room temperature were performed for several fuels with a supported nickel adsorbent
A-5 to evaluate the breakthrough curve response to reactions run at higher temperatures.
The adsorption data was used to compare the performance of adsorptive
desulfurization materials on the basis of weight, volume, and surface area. Comparisons
were made between input variables and performance criteria to gain further insight on
how different adsorbents and fuels influence the behavior.

An evaluation of

breakthrough capacity on a mass basis reflects both the surface and chemical properties
of an adsorbent, while a comparison on a surface-area basis provides a better indication
of the chemical nature of the material. A volume-based comparison is also useful when
considering the engineering and design aspects of the application.
These results are also useful in developing a more fundamental understanding of
the adsorbent-sulfur interactions. Conclusions and further questions may be used to
direct future research in adsorptive desulfurization.
Carrying out a side-by-side comparison of all fuels under identical reaction
conditions may lead to a better understanding of adsorbent materials for further
development for ultra-low sulfur fuel for fuel cell applications. This study can provide a
“big picture” perspective on the research progress in adsorptive desulfurization, and also
can be used to identify strengths/weaknesses and relevant research questions. The broad
goal of this work is the advancement of scientific knowledge of sulfur adsorption in
support of future solutions to engineering problems for alternate energy systems.
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CHAPTER 3 EXPERIMENTAL

3.1 Fixed Bed Flow Tests
The adsorption tests were performed in a continuous flow fixed bed system at
ambient pressure using a liquid hourly space velocity (LHSV) of 1.2 h-1. The adsorbent
material was packed into a 2.49 mL stainless steel column, with bed dimensions of 4.6
mm inner diameter x 150 mm length. A detailed flow test adsorption procedure is
included in the Appendix. Liquid fuel was fed by an HPLC pump into the column at a
flow rate of 0.05 ml/min. Figure 10 presents a schematic of the experimental flowing
system.

Figure 10. Schematic of fixed bed flow system for adsorption of sulfur compounds from
liquid fuel.

43

3.1.1 Adsorbents
Several different types of adsorbent materials have been developed as promising
materials for desulfurization of liquid transportation fuels for fuel cell application. For
this study, supported transition metals, nickel-based materials, metal oxides, activated
carbon, and copper exchanged zeolites (presented in Table 5) were tested, evaluated, and
compared. Labels A-1 through A-9 have been given to the adsorbents examined in the
Clean Fuels and Catalysis Program of the EMS Energy Institute for identification and
convenience. A brief description of the materials examined is given below.
Table 5. Adsorbent composition
Adsorbent

Composition

A-1

3HCl-PdCl2/MCM-48

A-2

Ni-Al

A-3

CuCe/Y-Zeolite

A-4

NiZnAl

A-5

Ni/SiO2-Al2O3

A-6

Sulfided CoMo/Al2O3

A-7

ACMB1 Activated Carbon

A-8

Ti0.9Ce0.1O2

A-9

Al-Ti-Ce-O

A-1 is a transition metal compound on a porous support, such as MCM-4812.
MCM-48 is a hexagonal mesoporous molecular sieve material with pore size ranging
from 200-100 Å, known for its thermal stability and high capacity49. The use of this
material involves regeneration of the spent adsorbent by solvent elution with a polar
organic solvent, followed by evaporation of the solvent to concentrate the sulfur
species12.
The adsorbents A-2, A-4, and A-5 are all classified as nickel-based adsorbents.
A-2 is a bulk nickel metal material made up of metallic nickel (89%) and aluminum
metal (11%). The particle size range is 20-60 micrometers. A-2 was prepared using
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Raney 2800 Nickel purchased from W.R. Grace.

The porosity of Raney nickel is

achieved by selective leaching of a NiZn mixture15.
A second nickel-based material, A-4, is a reduced nickel metal with the chemical
composition NiZnAl in the molar ratio 4:3:1. The A-4 was synthesized by the coprecipitation method. The goal of this modification was to add hydrogen donors to the
surface to enhance the surface reaction between sulfur and nickel.
A-5 is a nickel adsorbent supported on silica-alumina (Ni/SiO2-Al2O3), containing
about 55 wt% nickel in the metallic state. The average surface area for A-5 is 157 m2/g,
which is about three times larger than the A-2 adsorbent3.
The metal oxide adsorbents A-8 and A-9 are synthesized via urea precipitation
method. The composition of A-8 adsorbent is Ti0.9Ce0.1O2, and it has a particle size,
surface area, and pore volume slightly larger than A-9(Al-Ti-Ce-O) (see Table 6).
Table 6. Adsorbent surface area and pore volume

BET Surface
2

Pore Volume

Area (m /g)

(cm3/g)

A-1

1281

1.22

A-2

37

0.0452

A-3

-

-

A-4

28

0.000757

A-5

104

0.002

A-6

183

0.48

A-7

2200

1.192

A-8

321

0.36

A-9

289

0.34
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3.1.2 Feeds
Six hydrocarbon fuel mixtures were used in desulfurization tests to compare the
performance of various adsorbents for sulfur removal: model gasoline, model jet fuel,
model diesel fuel, real diesel fuel, real JP-5, and real JP-8. The sulfur content and density
are summarized in Table 7.
Table 7. Sulfur content and density of liquid fuel
Sulfur (ppm)

Density (g/cm3)

Gasoline

200

0.757

Jet Fuel

420

0.734

Diesel

450

0.746

Diesel

370

0.831

JP-5

977

0.778

JP-8

696

0.774

Fuel
Model Fuel

Real Fuel

The commercial diesel fuel (BP 325 PPM LS2 fuel) contained 370 ppmw sulfur.
The JP-8 jet fuel (Batch 00-POSF-3804) was supplied by the Wright Laboratory of the
U.S. Air Force and contained 696 ppmw sulfur. The sulfur content in Navy aviation fuel
JP-5 used for this study was 977 ppm. The main sulfur compounds in (both JP-5 and JP8) jet fuel are 2,3-DMDBT and 2,3,7-TMBT, and also contains C2-BT and C3-BT.
Model gasoline, jet fuel, and diesel fuels were made for comparison with real fuel
flow test results. Model fuels were synthesized using compounds purchased from SigmaAldrich. The composition of each fuel is listed in Table 8, 9, and 10 for gasoline, diesel,
and jet fuel, respectively.
The model gasoline (MG) consists of equal molar concentrations of sulfur
compounds thiophene, 2-methylthiophene, 3-methylthiophene, 2,5-dimethylthiophene,
benzothiophene (total sulfur concentration: 250 ppmw), paraffins and aromatics, and a
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small percentage of olefins. Nonane was used as the internal standard for calculating
concentrations using a GC-FID.
Table 8. Composition of Model Gasoline
Name

Content (wt %)

Sulfur (ppmw)

Thiophene

.0131

50

2-MT

.0153

50

3-MT

.0153

50

2,5-DMT

.0175

50

Benzothiophene

.0209

50

Sulfur Compounds

Paraffins

n-decane

44.92

n-hexane

44.92

Aromatics

toluene

10.01

Olefin

1-octene

.0349

Internal Standard

nonane

.0358
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Model jet fuel (MJF) contained equal molar concentrations of the sulfur
compounds

benzothiophene,

2-methylbenzothiophene,

5-methylbenzothiophene,

dibenzothiophene (total sulfur concentration: 400 ppmw), aromatics and paraffins. This
blend was designed to imitate jet fuel JP-8. However, most of the actual sulfur
compounds in jet fuel are not commercially available13.

Naphthalene and 2-

methylnaphthalene are included for comparing the selectivity. The internal standard was
n-hexadecane.
Table 9. Composition of Model Jet Fuel (JP-8)

Name

Content (wt %)

Sulfur (ppmw)

BT

.0418

100

2-MBT

.0462

100

5-MBT

.0462

100

DBT

.0575

100

Sulfur Compounds

Aromatics

napthalene

.0400

2-methylnapthalene

.0433

tert-butylbenzene

9.99

Paraffins

n-decane

44.3

n-hexadecane

.0582

n-tetradecane

44.3
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Model diesel fuel (MD) comprised refractory sulfur compounds benzothiophene,
dibenzothiophene, 4-methyldibenzothiophene, and 4,6-dimethyldibenzothiophene (total
sulfur concentration: 400 ppm), aromatics and paraffins. Naphthalene and 2methylnaphthalene are included for comparing the selectivity. The internal standard was
n-tetradecane.
Table 10. Composition of Model Diesel Fuel
Name

Content (wt %)

Sulfur (ppmw)

BT

.0418

100

DBT

.0575

100

4-MDBT

.0618

100

4,6-DMDBT

.0662

100

Sulfur Compounds

Aromatics

napthalene

.4000

2-methylnapthalene

.0433

tert-butylbenzene

10.10

Paraffins

n-decane

44.31

n-hexadecane

44.31

n-tetradecane

.0590
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3.1.3 Aspect Ratio
During fixed bed flow experiments, fuels are fed at low flow rates (as liquid
hourly space velocities) through columns packed with materials that vary in their physical
properties such as particle size and surface area. For packed beds, high surface area
materials are desired to provide a larger area for the reaction to occur50. Thus, an ideal
reactor design will allow maximum contact between the liquid fuel and the solid
adsorbent. One engineering issue that should be considered for these flow tests is aspect
ratio, which is the ratio of the dimensions of the column to the size of the particles inside
the packed bed13.
The aspect ratio is a dimensionless parameter describing the overall physical
experimental condition of the reactor and bed of packed particles. A technical definition
of the three aspect ratio terms and suggested minimum values from the literature are
presented in Table 11. The overall aspect ratio (Ao) is considered to prevent mass
transfer limitations. At higher temperatures, taking into account the overall aspect ratio
can prevent localized ‘hot spots’ and inconsistent temperatures through the reactor
column13. The axial aspect ratio (Ax) is an “axial convective diffusion parameter” that
helps ensure effective distribution of heat and mass along the column13. Finally, the
radial aspect ratio (Ar) prevents channeling of fluid at the wall of the reactor.
The overall, axial, and radial aspect ratios should be considered during
experiments, so that minimum values are achieved in order to avoid diffusion and mass
transfer problems13. Physical experimental aspects are important to consider because
both inlet pressure and sulfur adsorption capacity show a strong dependence on the
column dimensions. Pressure drop across the bed increases with increasing column
length and decreasing column diameter, and should be kept to a minimum. In terms of
the adsorbent particles, increasing the particle size, for the same adsorbent, has been
shown to decrease the adsorption capacity3.
To ensure that no physical limitations are imposed by not meeting minimum
aspect ratio values, the actual aspect ratios for each adsorbent were calculated. These
parameters are based on the fixed-bed column dimensions and average particle size of the
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adsorbents. The resulting overall aspect ratio (which does not depend on particle size) is
reported in Table 12, and the individual axial and radial aspect ratios for each adsorbent
are shown in Table 13. From these calculations it is clear that the minimum values for
each aspect ratio parameter are met with these experimental conditions, so limitations in
mass transfer and wall effects can be neglected.
Table 11. Aspect Ratio Minimums
Aspect Ratio
Ao
Ax
Ar

Minimum
6
150
10

Table 12. Column Dimensions and Overall Aspect Ratio

Column Diameter
Column Length

(mm)
4.6
150

Aspect Ratio (Ao)

32.6

Table 13. Axial and Radial Aspect Ratio
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3.2 Experimental Design
Six fuels were tested with nine different adsorbents. Adsorbent and fuel can be
modeled as two independent variables (factors); 9 levels comprise the adsorbent factor
and 6 levels comprise the fuel factor. Thus, the experiment design is a 9x6 factorial
design with two factors, adsorbent and fuel, where every level of each variable (every
adsorbent) is paired, at random, with every level of the second variable (fuel). The
complete test matrix is shown below in Table 14. To test the reproducibility of the
results, experiments were replicated for adsorbents A-7, A-8, and A-9 with model jet fuel
and an additional test for A-9 with real diesel fuel and astatistical analysis was
performed.. However, the model could not be validated due to the limited number of
replications. Ideally, 90% of the experiments should be repeated to validate the results
with a statistical analysis.
Table 14. Test matrix for fuels and adsorbents
Model
Gasoline
Adsorbent/Fuel

Model
Jet Fuel

Model
Diesel

Real
Diesel

Real
JP-5

Real
JP-8

A1

y11

y21

y31

y41

y51

y61

A2

y12

y22

y32

y42

y52

y62

A3

y13

y23

y33

y43

y53

y63

A4

y14

y24

y34

y44

y54

y64

A5

y15

y25

y35

y45

y55

y65

A6

y16

y26

y36

y46

y56

y66

A7

y17

y27a

y37

y47

y57

y67

A8

y18

y28a, y28b

y38

y48

y58

y68

A9

y19

y29a, y29b

y39

y49a, y49b

y59

y69
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3.3 Treated Fuel Analysis
Samples were collected at regular intervals and analyzed quantitatively using an
Antek 9000S/N Total Sulfur Analyzer to determine the total sulfur concentration of the
treated fuels. The Antek 9000S measures low sulfur levels by the UV Fluorescence
method as shown in Equation 7 (ASTM standard D-5453)51. First, organic sulfur is
oxidized to SO2 in an oxygen-rich environment at temperatures greater than 1000 °C52.
Incident UV light bombards and excites the sulfur dioxide molecules, which then relax,
emitting light.

The light passes through an optical filter and the light intensity is

measured. The instrument has a lower detection limit of 0.5 ppmw sulfur, producing the
most reliable results for measuring sulfur at low ppm levels38. The sulfur analyzer was
calibrated at four different concentration ranges: 0-10, 10-60, 60-300, and 300-900 ppm
sulfur using dibenzothiophene (DBT) in n-decane. The treated fuel sulfur content is
expressed in ppmw, or parts per million on a weight basis.
Equation 7. Total Sulfur Analysis by UV Fluorescence

R − S + O2 ⇒

1100 C

SO2 + combustion products

SO2 + hν ⇒ SO2 + hν *
For the adsorption tests, sulfur content was measured as a function of time and
breakthrough curves were obtained for different fuels and adsorbents. A breakthrough
curve plots the amount of sulfur remaining in the treated fuel (in ppmw sulfur) as
measured by the Antek Total Sulfur Analyzer, as a function of the amount of treated fuel
(grams of fuel).
Quantitative analysis of the treated and untreated model fuel were performed
using an HP 5890 GC gas chromatograph (XTI-5; Restock; 30 m length by 0.25 mm
inner diameter) equipped with a flame ionization detector (FID). The internal standard
for model fuels gasoline, jet fuel (JP-8) and diesel were nonane, n-hexadecane, and ntetradecane, respectively.
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Qualitative analysis of the untreated real fuel was performed using an HP 5890
GC equipped with a sulfur-selective pulsed flame photometric detector (PFPD).The
PFPD measures electronically excited diatomic sulfur molecules by pulsing a hydrogenair mixture with fuel, generating a propagating combustion flame and emitting light as
chemiluminescent chemical reactions. The flame front dies rapidly every few seconds,
but sulfur gives off a slightly delayed emission that can be filtered, isolated, and
measured based on its intensity53.
The PFPD is suitable for low concentrations but the response is inherently
nonlinear; every sulfur peak should be integrated separately and is a function of an
exponential proportionality constant. Also, co-elution of hydrocarbons is possible, since
these compounds are many orders of magnitude more prevalent in the fuel mixture.
Consequently, the PFPD is not recommended for quantitative analysis for low sulfur
concentrations below 10 ppmw38.
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CHAPTER 4 RESULTS

4.1 Capacity
For this study, emphasis was placed on the adsorbent capacity on the basis of
mass, volume, and surface area. The first criterion to evaluate and compare the capacity
of the adsorbents is the point of breakthrough. The breakthrough point indicates the
amount of fuel that can be treated before any detectable sulfur is measured at the outlet.
For the purposes of this report, the breakthrough point is assumed to be at 1 ppmw sulfur.
The breakthrough point is usually reported per gram of adsorbent (mass basis), but can
also be expressed on the basis of the volume of adsorbent (which is useful in engineering
design) or on a per surface area basis, in m2 of adsorbent, which is indicative of the
surface chemical properties of the adsorbent. The default expression in this study for
amount of fuel treated (horizontal axis on breakthrough curve) is normalized to gram
adsorbent (mass) basis.
A breakthrough curve, or outlet sulfur concentration as a function of amount of
treated fuel, can be determined experimentally with a fixed-bed flow column. The
amount of treated fuel at breakthrough (b) and the total capacity for sulfur at the
saturation point (s) can be determined from the breakthrough curves, as shown in Figure
11. The adsorbent capacity describes the amount of adsorbate (in mg sulfur or mmol
sulfur) a material can hold per gram of adsorbent, for a given threshold sulfur level.
Many different factors affect the capacity of an adsorbent for a particular fuel.
For example, the capacity can vary based on the particle size, bed dimensions, and/or
liquid hourly space velocity (LHSV)38.

The material preparation formulation and

technique will affect an adsorbent’s sulfur capacity11, as will the desulfurization reaction
temperature, type of sulfur compounds present in the fuel, and presence of existing
competitive molecules such as olefins and aromatics.

In some cases, several adsorbents were capable of removing some, but not all of
the sulfur, so the first treated samples contained sulfur amounts greater than the detection
limit of the instrument. In this case (i.e., for flow tests where the initial outlet sulfur
concentration of treated fuel is greater than zero) the breakthrough capacity is reported as
zero.

Figure 11. Example breakthrough curve showing breakthrough point, saturation point,
and basis for capacity calculation.

The saturation capacity of an adsorbent theoretically corresponds to an
equilibrium capacity at a given initial sulfur concentration, C0. The saturation capacity,
qs, (i.e., the amount of adsorbate per unit mass of adsorbent) was calculated only for all
fixed bed flow tests that reached saturation. The saturation capacity was calculated on
the basis of the breakthrough curve: the integral of Area A from Figure 11 (until
breakthrough) added to the area of B (from breakthrough until saturation). The saturation
capacity is expressed as an integral and incrementally in Equations 8 and Equation 9,
respectively. The term w is the treated fuel amount, in grams of fuel per gram of
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adsorbent. The initial, incremental, and final sulfur contentrations are denoted C0, Cn,
and Ct, respectively. Similarly, the treated fuel amount, in grams of fuel per gram of
adsorbent, at the point of breakthrough, incremental, and final saturation point, are
denoted as wb, wn, and w, respectively.
Equation 8. Saturation capacity
qs =

ws

∫ (C

0

− Ct )dw

0

Equation 9. Saturation capacity (incremental)
n= s

qs = [C0 × w b ] × ∑ [(C0 − Cn ) × (w n − w n −1 )]
n= b
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4.1.1 Breakthrough Capacity
The breakthrough capacity is an adsorbent performance metric that is similar to
breakthrough point, but describes the amount of sulfur that an adsorbent can hold before
the outlet concentration breaks the detection limit, or 1 ppmw. This property gives an
indication of the kinetic (not equilibrium) capacity of the material. For certain practical
applications, such as for a fuel cell, an adsorbent may only be useful until the
breakthrough point. After that point, the sorbent will need to be regenerated. Thus, the
breakthrough capacity is an important parameter to gauge the performance of an
adsorbent, and should be maximized when designing materials.
The breakthrough point for every adsorbent depends on the type of fuel used,
since each fuel has different sulfur compounds and a different total sulfur concentration.
For this reason, to facilitate analysis, model jet fuel and model diesel fuel have
approximately equal sulfur concentrations, but different characteristic sulfur compounds,
so comparing these results can indicate whether an adsorbent has an affinity for
benzothiophenes (from jet fuel) or dibenzothiophenes (from diesel fuel).
This breakthrough capacity generally conveys the same information as the
breakthrough point data, but is reported in a different way that is often used in the
literature to compare between adsorbents. The breakthrough capacity is shown in Figure
12 as a bar graph to illustrate the differences between adsorbents and between fuels.
From the results it is clear that the breakthrough capacity for real fuels is lower
than for model fuels, especially jet fuel and diesel. This is an issue that will be discussed
in the proceeding section.
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Figure 12. Breakthrough capacity for all adsorbents and all fuels (mg S/g ads)

Table 15. Breakthrough capacity for adsorbents and fuels (mg S/g ads)
Ads/Fuel

Model
Gasoline

Model
Jet Fuel

Model
Diesel

Real
Diesel

Real
JP-5

Real
JP-8

A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9

0.13
0.56
0.05
6.50
0
0.04
0.17
0.20

0
7.00
4.58
0.00
6.88
0.57
6.54
4.54
3.14

0.12
0.30
8.96
11.35
3.65
2.89

0.20
0
0
0.00
1.64
0
0
0
0.16

0.85
1.21
4.35
7.13
0.27
0
0.88
1.63

0.29
1.40
0
8.45
0.16
0
2.18
0.66
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Breakthrough Capacity per Surface Area

Calculating the breakthrough capacity on a surface area basis for each
adsorbent/fuel pairing provides an indication of the surface chemical properties of the
adsorbent when other comparison approaches do not bring out this feature. Kim et al.
performed a comparison of an activated carbon adsorbent with supported nickel and
activated alumina and found that nickel and activated alumina were stronger on a surface
chemical basis but not on a weight basis3.
The surface areas of nickel based adsorbents A-2, A-4, and A-5 are generally low,
at 27, 28, and 104 m2/gram, respectively. In contrast, the metal oxides have intermediate
surface areas of 321 and 244 m2/g, and the activated carbon has an exceptionally high
surface area of 2200 m2/gram. The results shown in Figure 13 for breakthrough capacity
show that normalizing capacity on the basis of surface area still shows a better
performance for the nickel based adsorbents. These results imply that the surfaces of the
nickel based adsorbents are much more chemically active than the rest of the materials.
The relatively superior performance of A-5 over A-2 for diesel fuel has been
mainly attributed to the higher surface area of A-5. However, when normalizing for
surface area, it is clear that the capacity of supported nickel A-5 adsorbent is still higher.
This result may reveal that the surfaces of A-5 are very active, even more than A-2. The
difference could be due to better dispersion of the supported nickel sorbent, enhancing
the reaction rate. The other nickel based material, A-4, appears to be exceptional in terms
of breakthrough capacity on a surface area basis for real jet fuel JP-5.
Despite its very high surface area, the activated carbon A-7 material has a
relatively low breakthrough capacity compared to all other adsorbents on a surface area
basis. The reason for this may be due to competitive adsorption that may be occurring on
activated carbon.
The metal oxide adsorbents show surface activity that is twice as high as activated
carbon for model jet fuel and model diesel, but relatively low compared to the metal
oxides. This suggests that the metal oxide surfaces are more active but there is room for
improvement when it comes to increasing the surface properties of the materials.
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Figure 13. Breakthrough capacity per surface area adsorbent

4.1.2 Saturation Capacity

Saturation Capacity

The total saturation capacity of each adsorbent was calculated per gram weight of
adsorbent (weight basis) and per square meter of surface area (surface area basis). For
model fuels, the saturation capacity provides an indication of the amount of sulfur taken
up by the adsorbent. For saturation capacity per adsorbent weight, the nickel-based
adsorbents generally had a higher capacity than the metal oxide adsorbents.

The

saturation capacity of A-5 was highest when treating real JP-5. However, A-5’s capacity
for sulfur in real diesel was about half that of A4, implying that the performance for
nickel based adsorbents is varies depending on the type of fuel and particular adsorbent
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chosen. The capacity for sulfur in real JP-5 for metal oxide A-8 was higher than any
adsorbent’s capacity for real diesel. In general, results indicate that the sulfur capacity is
highest for real JP-5, followed by JP-8 and real diesel.
When normalizing and comparing on the basis of available surface area, the
performance of A4 becomes much more pronounced. The difference between metal
oxide adsorbents and nickel-based adsorbents also increases, with metal oxides having a
total capacity much lower than the nickel-based (on a surface area basis).
When evaluating the capacity on a weight basis and surface area basis , the capacity of
A4 is twice as high for real diesel than real JP-8. A5’s capacity for sulfur in real JP-5 is 9
times greater than real diesel. Similarly, A8’s capacity for JP-5 is 5 times higher than in
real diesel. For A9, JP-8 is about 4 times greater than real diesel. When comparing on
the basis of surface area, we see that the difference between fuels is about the same as per
adsorbent weight.

Figure 14. Saturation capacity on weight basis for A-4, A-5, A-8 and A-8 adsorbents
with real diesel and jet fuels
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Figure 15. Saturation capacity per surface area for A-4, A-5, A-8 and A-8 adsorbents
with real fuels gasoline, JP-5, and JP-8
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4.2 Fuel Comparison
Model Gasoline

The simulated model gasoline used in this study contains equi-molar
concentrations of thiophene, 2-methyl thiophene, 3-methyl thiophene, 2,5-dimethyl
thiophene and benzothiophene. To depict a real gasoline, toluene and 1-octene is also
added to the fuel. A detailed composition of the model gasoline is shown in Table 8.
Figure 16 presents the breakthrough curve based on weight of the adsorbent used to
produce 1 ppmw of gasoline fuel. It is seen from the figure that different adsorbents
respond differently to the sulfur compounds present in the fuel. The types of sulfur
compounds present in model gasoline are not suitable for adsorption by activated carbon
due to the electronic structure of the sulfur compounds. The electronic structures of the
aromatic and sulfur compounds are discussed on page 13.
Nickel-based adsorbents exhibit the highest sulfur removal for model gasoline,
both on a weight basis and on a volume basis. The breakthrough capacity for A-5 is high,
with no sulfur breakthrough until about 32 g fuel/g adsorbent, suggesting that the
supported nickel is a better adsorbent for removing thiophenes in gasoline than the bulk
nickel adsorbent. A-2 experienced a prompt initial breakthrough, but shows a residual
capacity for sulfur and did not reach saturation even after treating 50 grams fuel per gram
adsorbent. The breakthrough capacity of the Ni based adsorbent (A-5) used in this study
is 6.5 mg/g. The sulfur compounds present in gasoline are more selective to the Ni-based
adsorbent. This can be attributed to the lone pair of electrons on the S atom, which
interacts with metal through nS-1 interaction
The breakthrough capacity for the activated carbon material (A-7) is 0.04 mg S/g
ads. The breakthrough capacities for the metal oxide based adsorbents (A-8 and A-9) are
0.17 and 0.20 mg/g (mg S per gram adsorbent). Although the thiophene type of sulfur
compounds are the most reactive for HDS, the reactivity is different for the adsorbents A7, A-8 and A-9. The next best adsorbents for model gasoline are the metal oxides, A-8
and A-9, with similar adsorption capacities, suggesting that the sulfur adsorption
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mechanism for these adsorbents is the same. Sulfur capacity for model gasoline by all of
the other adsorbents is low, which may be due to the low concentration of sulfur in the
model fuel, or the fact that sulfur compounds in gasoline have different modes of
interaction than nickel-sulfur interface.

Figure 16. Model gasoline breakthrough curve on weight basis
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Model Jet Fuel

The model jet fuel used in this study contains equal concentrations of
benzothiophene, 2-methyl benzothiophene, 5-methyl benzothiophene, dibenzothiophene.
Naphthalene, 2-methyl naphthalene, and tert-butylbenzene is also added to the fuel to
mimic aromatics present in jet fuel. A detailed composition of the model jet fuel is shown
in Table 9. Figure 17 presents the sulfur breakthrough curve for various adsorbents with
model jet fuel. It is seen from the figure that different adsorbents respond differently to
the sulfur compounds present in the fuel. The 2- and 3-ring aromatic sulfur compounds
present in model jet fuel are most selective to activated carbon and nickel-based
adsorbents. The breakthrough capacity for the activated carbon material (A-7) is 6.5 mg
S/g ads. The activated carbon is selective to BT and DBT sulfur molecules due to the
increased electron density of the aromatic sulfur compounds, as described on page 11.
The breakthrough capacity of the supported Ni-based adsorbent (A-5) is 6.9 mg/g and the
breakthrough capacity for the bulk Ni adsorbent (A-2) is 7.0 mg/g. The nickel-based
materials are most likely selective to sulfur compounds in jet fuel due to the direct
interaction with the lone pair electrons on the sulfur atom in the absence of sulfur
compounds with methyl groups in sterically hindering positions, such as 4,6-DMDBT.
The breakthrough capacities for the metal oxide based adsorbents (A-8 and A-9)
are 4.5 and 3.1 mg/g (mg S per gram adsorbent). The capacity for metal oxides A-8 and
A-9 is lower than for nickel and activated carbon. The capacity is similar for activated
carbon and nickel-based adsorbents, although the type of sulfur-adsorbent interaction is
different. In the absence of sterically hindering sulfur compounds, the metal oxide
adsorbents may interact with the BT and DBT molecules through a direct sulfur-metal
interaction and/or through other types of interaction. The breakthrough capacity for
CuCe Y-zeolite is 4.6 mg/g. The ion-exchanged zeolite probably also interacts through a
direct sulfur-metal interaction. The relatively poor performance for A-6 and A-1 may
indicate that it is difficult to remove the sulfur compounds in jet fuel with these
adsorbents.
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Figure 17. Model jet fuel breakthrough curve on weight basis (LHSV: 1.2 h-1, Temp: 25
˚C (A-2, A-4, A-5 at 200 ˚C))
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Model Diesel Fuel

The model diesel used in this study contains equi-molar concentrations of
benzothiophene,

dibenzothiophene,

4-methyl

dibenzothiophene,

4,6-dimethyl

dibenzothiophene, naphthalene, and 2-methyl naphthalene. A detailed composition of the
model diesel fuel is shown in Table 10. Figure 18 presents the sulfur breakthrough curve
for various adsorbents with model diesel fuel. Similar to model gasoline and model
diesel, the adsorbents respond differently to the sulfur compounds present in diesel fuel.
Heavier, more refractive sulfur compounds are present in diesel fuel, which are least
reactive for HDS. The 4,6-DMDBT is the most difficult sulfur compound to remove by
HDS, and also possesses methyl groups at the 4- and 6- positions, blocking direct access
to the sulfur atom.
The breakthrough capacity for the activated carbon material (A-7) is 11.4 mg S/g
ads, indicating that the activated carbon material is highly selective to sulfur compounds
in model diesel fuel. As previously discussed, the sulfur compounds present in diesel
fuel have a higher electron density and slightly higher polarity. Because the adsorption is
not affected by the methyl groups in the 4,6-position, activated carbon clearly does not
adsorb through a direct sulfur interaction.
The breakthrough capacity of the supported Ni-based adsorbent (A-5) is 8.96
mg/g, while the breakthrough capacity for the bulk Ni adsorbent (A-2) is 0.3 mg/g. The
nickel-based materials are most likely less selective to sulfur compounds in diesel fuel
due to the presence of sulfur compounds with methyl groups in sterically hindering
positions, especially 4,6-DMDBT. The response to model diesel is clearly different
between A-2 and A-5. Although breakthrough for A-2 occurrs after 0.3 mg/g, saturation
is not reached until treating more than 80 grams of fuel, suggesting that A-2 may have a
residual capacity for sulfur compounds in model diesel.
The breakthrough capacities for the metal oxide based adsorbents (A-8 and A-9)
for sulfur compounds in model diesel fuel are 3.7 and 2.9 mg/g (mg S per gram
adsorbent). The metal oxides are most selective to sulfur compounds in model jet fuel,
followed by diesel fuel and then gasoline. These results suggest that the metal oxide
adsorbents probably interact with sulfur through direct sulfur-metal interactions, which
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may be prevented when treating large, sterically hindering sulfur molecules in diesel fuel.
However, the adsorbents still had some capacity for model diesel, suggesting that the
adsorbents also may interact with sulfur through other types of interactions.

Figure 18. Model diesel fuel breakthrough curve on weight basis (LHSV: 1.2 h-1, Temp:
25 ˚C (A-2, A-4, A-5 at 200 ˚C))
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4.3 Adsorbent Comparison

Supported Transition Metal (A-1)

The A-1 adsorbent used in this study is a transition metal 3HCl-PdCl2 supported
on MCM-48. Figure 19 presents the breakthrough curves for different fuels based on
weight of the adsorbent used to produce 1 ppmw of liquid fuel. The A-1 adsorbent
responds differently to different sulfur compounds and types of fuel mixtures.

In

particular, the capacity for model fuels is higher than real fuels. However, the maximum
breakthrough capacity achieved by this adsorbent at 1 ppm sulfur is 1.2 grams of fuel per
gram adsorbent, for the treatment of model gasoline and also real diesel fuel. Ma et al.
has showed that the A-1 type adsorbent has the ability to remove even the refractory
sulfur compounds from diesel fuel12.

Figure 19. Flow test results for A-1 adsorbent(LHSV: 1.2 h-1, Temp: 25 ˚C)
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Nickel-based Adsorbents (A-2, A-4, A-5)
A-2:

The A-2 adsorbent used in this bulk nickel metal material made up of metallic

nickel (89%) and aluminum metal (11%). Figure 20 presents the breakthrough curves for
different fuels based on weight of the adsorbent used to produce 1 ppmw of liquid fuel.
The A-2 adsorbent responds differently to different sulfur compounds and types of fuel
mixtures. The maximum breakthrough capacity achieved by the nickel adsorbent A-2 at
1 ppm sulfur is 17.3 grams of fuel per gram adsorbent for model jet fuel. The capacity
for model fuels is higher than real fuels. The slope of the breakthrough curves are steep
for real fuels (especially real diesel and JP-5), but much more gradual for the model fuels.
A-2 nickel-based adsorbent has a high residual capacity for different types of sulfur
compounds (BT’s, DBT’s, and DMDBT’s) in model fuels, but additional compounds
present in real fuels may compete for adsorption sites and quickly saturate the adsorbent
surface.

Figure 20. Flow test results for A-2 adsorbent (LHSV: 1.2 h-1, Temp: 200 ˚C)
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Figure 21. Flow test results for A-4 adsorbent (LHSV: 1.2 h-1, Temp: 200 ˚C)
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A-5: The A-5 adsorbent is a nickel adsorbent supported on silica-alumina (Ni/SiO2-

Al2O3), containing about 55 wt% nickel in the metallic state. Figure 22 presents the
breakthrough curves for different fuels based on weight of the adsorbent used to produce
1 ppmw of liquid fuel. It is seen from the figure that the A-5 adsorbent responds
differently to different sulfur compounds and types of fuel mixtures. The maximum
breakthrough capacity achieved by the supported nickel adsorbent A-5 at 1 ppm sulfur is
35.2 grams of fuel per gram adsorbent for model gasoline. The capacity for model fuels
is greater than real fuels. A-5 has a very high capacity for model gasoline and a very low
capacity for real diesel fuel. This follows the assumption that nickel adsorbents work
through direct sulfur-metal interaction via the lone pair of electrons on the sulfur atom,
and that sterically hindrance reduces the capacity of nickel adsorbents for sulfur
compounds in diesel fuel. The capacity is further reduced for the treatment of real fuels,
as additional compounds present in real fuels may compete for adsorption sites and
quickly saturate the adsorbent surface.

Figure 22. Flow test results for A-5 adsorbent (LHSV: 1.2 h-1, Temp: 200 ˚C)
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Ion-exchanged Zeolite (A-3)

The A-3 adsorbent is an ion-exchanged zeolite of CuCe supported on Y-zeolite.
Figure 23 presents the breakthrough curves for different fuels based on weight of the
adsorbent used to produce 1 ppmw of liquid fuel, showing that the A-3 adsorbent
responds very differently to the different sulfur compounds in model jet fuel and model
gasoline.

The maximum breakthrough achieved by the ion-exchange zeolite adsorbent

A-3 at 1 ppm sulfur was 10.91 grams of fuel per gram adsorbent for model jet fuel. Only
0.2 grams of fuel per gram adsorbent are treated before breakthrough of sulfur in model
gasoline, which is similar to results for other adsorbents and model gasoline. The positive
results for jet fuel may be attributed to a direct-sulfur interaction and also pi-interaction
with CuCe exchanged adsorbents. Furthermore, A-3 has a very high capacity for model
jet fuel but a much lower capacity for real fuels, indicating that the affinity for additional
compounds in real fuel may be much greater than the affinity for sulfur compounds in
liquid fuels.

Figure 23. Flow test results for A-3 adsorbent (LHSV: 1.2 h-1, Temp: 25 ˚C)
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Metal Sulfide (A-6)

The A-6 adsorbent is a sulfided CoMo supported on alumina. Figure 24 presents
the breakthrough curves for different fuels based on weight of the adsorbent used to
produce 1 ppmw of liquid fuel.

All of the fuels treated by the metal sulfide A-6

adsorbent reaches sulfur breakthrough before 2 grams of fuel per gram adsorbent. A
comparison between fuels indicates that A-6 interacts best with sulfur compounds in
model jet fuel in terms of breakthrough capacity, but also has a high overall capacity for
sulfur in model gasoline. The breakthrough curves show that A-6 is better for real JP-5
than real JP-8, and the real diesel is most difficult to treat with A-6 adsorbent.

Figure 24. Flow test results for A-6 adsorbent (LHSV: 1.2 h-1, Temp: 25 ˚C)
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Activated Carbon (A-7)

Figure 25 presents the breakthrough curves for different fuels based on weight of
the adsorbent used to produce 1 ppmw of liquid fuel using an activated carbon adsorbent.
There is a significant difference in the capacity between real and model fuels of
adsorbent A-7. The adsorption capacity is highest for model diesel fuel, treating about 25
grams of fuel before any sulfur is detected at the outlet. A-7 also showes a high
breakthrough capacity for model jet fuel, adsorbing all sulfur from about 18 grams of fuel
per gram adsorbent before 1 ppm sulfur breakthrough was measured. On the other hand,
breakthrough immediately occurs for all of the real fuels, and some residual capacity for
sulfur in real diesel fuel is observed.

Figure 25. Flow test results for A-7 adsorbent (LHSV: 1.2 h-1, Temp: 25 ˚C)
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Metal Oxides (A-8, A-9)

Figures 26 and 27 present the breakthrough curves for different fuels based on
weight of the adsorbent used to produce 1 ppmw of liquid fuel using metal oxide
adsorbents, A-8 and A-9. Metal oxide adsorbent A-8 is made up of Ti0.9Ce0.1O2, and A9, Al-Ti-Ce-O. The behavior of metal oxide adsorbent A-8 is not consistent with the rest
of the adsorbents in that the sulfur breakthrough level for model fuels is not always
higher than for real fuel. For example, model gasoline breaks through immediately, yet
almost 5 grams of real JP-8 (per gram adsorbent) are treated before sulfur breakthrough
occurs. Generally, the performance of A-8 and A-9 is similar when treating the six fuels
for this study. For example, the trend for model fuels is similar, and model gasoline
breaks through sooner than model diesel and model jet fuel. In general, the A-8 adsorbent
is slightly better than A-9 for removing sulfur from liquid fuels. However, research by
Watanabe and Sun et al. suggests that A-9 becomes much more attractive over multiple
regeneration cycles.
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Figure 26. Flow test results for A-8 adsorbent (LHSV: 1.2 h-1, Temp: 25 ˚C)

Figure 27. Flow test results for A-9 adsorbent (LHSV: 1.2 h-1, Temp: 25 ˚C)
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4.4 Temperature Study
The effect of temperature on the adsorption of sulfur by the nickel-based
adsorbent A-5 is investigated at two temperatures, room temperature and 200 °C. The
standard experimental temperature for desulfurization of nickel-based adsorbents A-2, A4, and A-5 is 200 °C. A-5 is chosen because the adsorbent has the highest capacity
among the nickel-based adsorbents. Velu et al. has showed that nickel-based adsorbents
interact through direct sulfur-metal interaction and that better performance at 200 ° C
indicates that a chemical reaction occurs on the surface. Despite the higher temperature
advantages, utilizing a nickel-based adsorbent at room temperature may save energy or
simplify processes where multiple beds are employed.
The results are shown in Figure 28.

The impact of operating at higher

temperatures is most significant for real fuels. For real diesel fuel and real JP-8, the
breakthrough capacity is higher at 200 °C than room temperature. At room temperature
with real diesel, sulfur is immediately detected at the outlet, but at 200 C, 4 grams of fuel
per gram adsorbent can be treated before breakthrough is detected. The trend is similar
for real JP-8: three times more fuel can be treated before breakthrough at 200 °C than
room temperature (15 versus 5 grams of fuel). The results confirm that the A-5 adsorbent
performs better at higher temperatures.
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Figure 28. Effect of Temperature (200 °C vs. 25 °C) on A-5 adsorbent (LHSV: 1.2 h-1)
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4.5 Flow Rate Study
The effect of fuel flow rate (or LHSV) on the adsorption of sulfur by nickel-based
adsorbent A-4 with three fuels, model diesel fuel, real diesel fuel, and real JP-8, is shown
in Figure 29. The breakthrough curves indicate that the A-4 adsorbent performs better at
lower space velocities. The breakthrough and saturation capacity for each adsorbent/fuel
pair is higher at lower space velocities. Also, at lower space velocities, the breakthrough
curves become less steep. The breakthrough capacity for A-4 with real JP-8 is slightly
better at a lower space velocity, and the breakthrough curve is not as steep. At higher
LHSV of 4.8 h-1, the adsorbent becomes saturated much more quickly (almost
immediately) when treating model jet fuel real diesel fuel with A-4, while at a lower
LHSV of 1.2 h-1 the sulfur concentration increases later and at a more gradual pace.
These results are consistent and expected, since decreasing the space velocity
should improve the adsorption in a flow test by increasing the time that the fuel remains
on the adsorbent surface. These results clarify the need to compare adsorbents on the
basis of the same space velocity.

Figure 29. Effect of LHSV (4.8 vs. 1.2 hr -1) on A-4 adsorbent (Temp: 25 ˚C)
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CHAPTER 5 CONCLUSIONS

This study examins the performance of different materials for adsorption
desulfurization of liquid transportation fuels for fuel cell applications.

Fixed-bed,

continuous flow experiments is performed on eight different materials treating six
different fuel mixtures representing gasoline, diesel, and jet fuel.

Adsorbents were

compared according to the breakthrough capacity at 1 ppm sulfur by weight and capacity
at saturation. Comparisons are made on the basis of adsorbent weight, volume, and
surface area. The impact of temperature and liquid hourly space velocity (LHSV) on
desulfurization performance of nickel-based adsorbents is also studied. The results of
this study help to assess the potential for using different adsorbents with different liquid
fuels for portable fuel cell applications.
Based on this work, the following conclusions can be made:
•

For all adsorbents, the sulfur capacity at breakthrough is lower for real fuels than
for model fuels, even though the typical sulfur compounds are the same between
the real and model fuels used in the study. These results indicate that real fuels
are more difficult to desulfurize by selective adsorption than model fuels. This
may be due to fuel additives and additional compounds in real fuels such as
olefins and aromatics compounds which are present in excess concentrations in
comparison to sulfur.

•

The most difficult model fuel to treat is model gasoline, except for the nickelbased materials. This may be due to the lower electron density of the sulfur
compounds used in gasoline, which are not favorable adsorbates for activated
carbon, ion exchanged zeolites, and metal oxide based adsorbents.

•

The most difficult real fuel to treat is real diesel, probably due to sterically
hindered refractory sulfur compounds which are not suitable for adsorbents that
work through a direct sulfur-metal interaction such as the nickel-based
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adsorbents. For activated carbon, the low breakthrough capacity in contrast to
model diesel may be attributed to the competitive adsorption of the 3-ring
aromatic compounds, nitrogen compounds, and other additives present in real
diesel fuel.
•

The sulfur capacity of activated carbon is stronger on a weight basis than on a
volume or surface area basis. However, in all cases, the sulfur capacity for model
diesel fuel is still higher than other adsorbents used in this study.

•

There is no significant difference between the performance for metal oxide
adsorbents A-8 and A-9, indicating that these adsorbents adsorb sulfur through
the same mechanism.

•

The supported transition metal A-1 adsorbent is able to completely remove sulfur
and produce ultra clean fuel for all real fuels; however, the capacity is quite low.

•

Nickel-based adsorbents have the highest sulfur capacity. Supported nickel A-5
is significantly better than bulk A-2 for all fuels except model jet fuel, even when
normalizing for surface area.

•

The adsorbent capacity per surface area for nickel-based adsorbent materials is
about ten times greater than for metal oxides. Metal oxides are about twice as
active as activated carbon on a surface area basis.

•

The breakthrough and saturation capacity is higher at lower space velocities.

•

Nickel-based adsorbents perform better at 200 °C than at room temperature. The
improvement at higher temperatures is greater for real fuels than for model fuels.

•

The bulk nickel material A-2 (NiAl) has a low breakthrough, but consistently
shows a high residual capacity for sulfur for all fuels.
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APPENDIX A DETAILED ADSORPTION EXPERIMENT PROCEDURES
Material:

• A-1 (PdCl2/silica gel)
• A-3 (CuCe/y-zeolite)
• A-7 (activated carbon)
• A-8/A-9 (metal oxide)
Fuel flow rate = 0.05 ml/min
Temperature = Room temperature (about 25-30 °C)
1. Clean the pumps, inlet and outlet lines of the device by flowing sulfur-free hexane
through the lines. Then purge the lines of fuel with air. (Do not use polar
solvents for cleaning).
2. Visually inspect the stainless steel columns to confirm that the columns are clean
and free of debris.
3. Use a permanent marker to mark the empty column so that it may be identified
later.
4. Weigh the empty column with two red end plugs and two small silver frits.
5. Seal one end of the column and leave the other end open. Pack A-1 into the
column by adding small amounts at a time and tapping the bottom side
periodically to ensure uniform packing.
6. Seal the columns by replacing the frits and the end plugs, weigh the packed
column with two end plugs, and calculate the weight of the adsorbent.
7. For:
a. A-1: Dry the material in the column in an oven at 200˚C for 2 hours
under a pure N2 flow rate of about 25 ml/min. After drying, allow the
column to cool down to room temperature under pure N2 flow.
b. A-3: Dry the material in the column in an oven at 300˚C overnight under
a pure helium flow rate of about 40 ml/min. Increase the temperature
to 400˚C for the final hour. After drying, allow the column to cool down
to room temperature under pure He flow.
c. A-7: Dry the material in the column in an oven at 200˚C for 1 hour under
a pure N2 flow rate of about 50 ml/min. After drying, allow the column
to cool down to room temperature under pure N2 flow.
d. A-8/A-9: Dry the material in the column in an oven at 350˚C for 1 hour
under an air flow rate of about 25 ml/min. Use zero air, not breathing
air. After drying, allow the column to cool down to room temperature
under pure air flow.
8. Remove the column from the system, replace the end plugs, and weigh the
column to calculate the real weight (without moisture) of A-1 in the column.

9. Before connecting the column to the line, turn on the HPLC pump and allow
about 5 ml of test fuel to pass through and be collected.
10. Turn off the HPLC pump; connect the column to the system for the adsorption
test. The columns should stand in the oven. The inlet line is connected to the
bottom of the columns.
11. Turn on HPLC at the desired fuel flow rate. Check that there are no fuel leaks at
the connection points. (If there is a leak, reconnect the columns again until there
are no leaks)
12. Record the time when the first drop gets out into the sample collection vials.
13. Collect the samples from the outlet periodically until the adsorbent is saturated.
14. Record the time period between each collected sample.
15. Weigh the collected samples to calculate the amount of treated fuel.
16. When the test is complete, turn off HPLC pump, disconnect the column and
replace the end plugs. Weigh the spent columns.
17. Clean the pumps and lines by using sulfur-free hexane.
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Adsorption Procedure
Material: A-2 (Ni-Al)
Fuel flow rate = 0.05 ml/min
Temperature = 200 °C

1. Confirm that the pumps, inlet and outlet lines of the device have been cleaned
properly. If not, clean them by flowing sulfur-free hexane through the lines. Then
purge the lines of fuel with air. (Do not use polar solvents for cleaning).
2. Confirm that the stainless steel columns are clean and free of debris.
3. Use a permanent marker to mark the empty column so that it may be identified
later.
4. Weigh the empty column with two red end plugs and two small silver frits.
5. Pack the column with A-2 in deionized water, keeping A-2 from making contact
with air as much as possible:
a. Seal one end of the column and leave the other end open.
b. Prop and secure the empty column with open end facing up so that it does
not need to be supported with your hands.
c. Attach a plastic funnel to the top of the column securely so that no liquid
will leak through to connection of the funnel to the column.
d. Use a syringe to fill the clean empty column with water until the water
reaches the funnel.
e. Stick a long thin wire down the column to remove any air bubbles in the
column.
f. Use a metal spoon to scoop the A-2 from its container into the water in the
column. Be careful to always keep A-2 wet so that it does not catch fire.
If A2 gets dry on the insides of the funnel, use a syringe with water to
wash it down.
g. Use a long thin wire to stick into the column to help push A-2 to the
bottom and to remove air bubbles periodically. Move the wire slowly in
and out of the A-2/water mixture.
h. Continue to transfer A-2 into the column. Use the vibrator periodically to
shake the column to ensure uniform packing of the adsorbent.
i. Use the wire to help pack the A-2 into the column. Continue packing A-2
in water into the column until it is packed firmly up to the top of the
column.
j. Using the syringe, carefully remove excess A-2 above the top of the
column and in the funnel.
k. Remove the funnel and seal the top end of the column securely. Be sure to
replace the frit and end plug.
2. Weigh the packed column with two end plugs; calculate the weight of the wet A2. It should be about 6.3 g.
3. Before connecting the columns to the system, flow nitrogen through the inlet lines
to remove any remaining hexane in the lines.
4. Connect the columns to the system.
5. Turn on N2 flow to check whether there is a leak in the connection.
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6. Turn off N2 flow. Turn on H2 flow to allow H2 to flow up through the columns at
a flow rate of 20 ml/min for each column.
7. Increase the oven temperature to 200˚C, and keep at 200˚C for 1 hour.
8. Decrease the oven temperature to room temperature under H2 flow by turning off
heating and opening the oven door. Allow the columns to cool to about room
temperature.
9. Disconnect the columns and quickly seal the two ends of the columns with end
plugs. Record the total weight of each column with two end plugs and calculate
the net weight of A-2. The net weight should be close to 4.6 g.
10. Before connecting the column to the line, turn on the HPLC pump and allow
about 5 ml of test fuel to pass through and be collected.
11. Turn off the HPLC pump; connect the column to the system for the adsorption
test. The columns should stand in the oven. The inlet line is connected to the
bottom of the columns.
12. Increase the oven temperature to 200 °C.
13. Turn on HPLC at the desired fuel flow rate. Record the time when the first drop
gets out into the sample collection vials.
14. Collect the samples from the outlet periodically until the adsorbent is saturated.
15. Record the time period between each collected sample.
16. Weight the collected samples to calculate the amount of treated fuel.
17. When the test is complete, turn off HPLC pump, turning off the heating and open
the oven door. Allow the columns to cool to about room temperature.
18. Disconnect the column and replace the end plugs. Weigh the spent columns.
19. Clean the pumps and lines by using sulfur-free hexane.
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Adsorption Procedure of
Material: A-4 or A-5 (Ni/Al-Si)
Fuel flow rate = 0.05 ml/min
Temperature = 200 °C

1. Confirm that the stainless steel columns are clean and free of debris.
2. Use a permanent marker to mark the empty column so that it may be identified
later.
3. Weigh the empty column with two red end plugs and two small silver frits.
4. Seal one end of the column and leave the other end open. Pack the adsorbent
material into the column by adding small amounts at a time and tapping the
bottom side periodically to ensure uniform packing.
5. Seal the columns by replacing the frits and the end plugs, weight the packed
column with two end plugs, and calculate the weight of the adsorbent.
18. Pretreatment/Reduction:
a. Attach the columns to the desulfurization system.
b. Under pure N2 gas flow, set temperature program to increase temperature
to 500°C at 2°C/min. Hold temperature at 500°C for 5 hours. Reduce
temperature and allow system to cool to 120°C. Change gas flow to
hydrogen (H2). Increase temperature to 500°C for 5 hours. Allow system
to cool to room temperature.
c. Remove the column from the system and quickly replace the end plugs.
Weigh the column to calculate the weight of dry material in the column.
d. Connect the columns to the desulfurization system again.
e. Under hydrogen gas flow, increase temperature by 2°C/min to 500°C and
hold for 5 hours. Reduce temperature and allow system to cool to 200°C.
Hold at 200°C for desulfurization experiment. Stop gas flow.
19. Turn on HPLC to flow fuel at the desired fuel flow rate. Check that there are no
fuel leaks at the connection points. (If there is a leak, reconnect the columns again
until there are no leaks)
20. Record the time when the first drop gets out into the sample collection vials.
21. Collect the samples from the outlet periodically until the adsorbent is saturated.
22. Record the time period between each collected sample.
23. Weigh the collected samples to calculate the amount of treated fuel.
24. When the test is complete, turn off HPLC pump, disconnect the column and
replace the end plugs. Weigh the spent columns.
25. Clean the pumps and lines by using sulfur-free hexane.
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Adsorption Procedure
Material: A-6 (Metal Sulfides)
Fuel flow rate = 0.05 ml/min
Temperature = Room temperature (about 25 °C)

A: Presulfidation
1. The night before the day of the procedure set up the temperature control program.
2. Check the effluent gas scrubbing solution (NaOH) to see if it is clear in color. If
it is clear, proceed to step 3. If it is not clear, drain and clean the Erlenmeyer
flask and fill with distilled water. Place one tablet of NaOH in the flask and
replace the flask at the end of the reaction system.
3. Confirm that the stainless steel reactor has been cleaned.
4. Fill the column 1/3 full with alumina beads.
5. Pack two swabs of quartz wool into the reactor.
6. Fill the reactor with 15 grams of material to be sulfided.
7. Fill the remainder of the column with alumina beads.
8. Connect the reactor to the reaction system at the top of the column with the inlet
gas line (5% H2S in H2) and at the bottom of the column with the gas scrubber
line.
9. Turn on the temperature program. Typically the program is set to reach the
maximum temperature of 350oC in a 240 minute time period.
10. Start 5% H2S in H2 gas flow at 200 mL/min.
11. Maintain maximum temperature (350˚C) for 120 minutes (or as required by
experimental plan).
12. Turn off temperature control device; allow to cool.
13. After column reaches room temperature, stop H2S gas flow and commence N2 gas
flow at 30 mL/min to purge system of H2S.
14. Remove column from reaction system.
15. Remove sulfided sample from column, keeping the sulfided sample away from air
as much as possible, and store.
B: Adsorption Test
26. Confirm that the pumps, inlet and outlet lines of the device have been cleaned
properly. If not, clean them by flowing sulfur-free hexane through the lines. Then
purge the lines of fuel with air. (Do not use polar solvents for cleaning).
27. Confirm that the stainless steel columns are clean and free of debris.
28. Use a permanent marker to mark the empty column so that it may be identified
later.
29. Weigh the empty column with two red end plugs and two small silver frits.
30. Seal one end of the column and leave the other end open. Pack presulfided
adsorbent into the column by adding small amounts at a time and tapping the
bottom side periodically to ensure uniform packing.
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31. Seal the columns by replacing the frits and the end plugs, weight the packed
column with two end plugs, and calculate the weight of the adsorbent.
32. Purge the inlet lines by N2 flow to remove hexane before connecting the columns
to the system.
33. Connect the columns to the system, and then, turn on H2 flow, and check whether
there is a leak. If leak, reconnect the columns again until there is no leak.
34. Keep the H2 flowing up at a flow rate of 20 ml/min for each column.
35. Increase the oven temperature to 300˚C at a rate of ~10˚C/min, and keep at
300˚C for 1 hour under the H2 flow.
36. Decrease the oven temperature to room temperature under H2 flow by turning off
the heat and opening the oven door. Allow the column to cool to about room
temperature.
37. Disconnect the columns and quickly seal the two ends of the columns with end
plugs, weigh the columns, and calculate the net dry weight of adsorbent.
38. Before connecting the column to the line, turn on the HPLC pump and allow
about 5 ml of test fuel to pass through and be collected.
39. Turn off the HPLC pump; connect the column to the system for the adsorption
test. The columns should stand in the oven. The inlet line is connected to the
bottom of the columns.
40. Turn on HPLC at the desired fuel flow rate. Check that there are no fuel leaks at
the connection points. (If there is a leak, reconnect the columns again until there
are no leaks)
41. Record the time when the first drop gets out into the sample collection vials.
42. Collect the samples from the outlet periodically until the adsorbent is saturated.
43. Record the time period between each collected sample.
44. Weigh the collected samples to calculate the amount of treated fuel.
45. When the test is complete, turn off HPLC pump, disconnect the column and
replace the end plugs. Weigh the spent columns.
46. Clean the pumps and lines by using sulfur-free hexane.
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APPENDIX B REPRODUCIBILITY

Consistent and reproducible results for the same adsorbent/fuel pair were
achieved for the two metal oxide adsorbents, A-8 and A-9, when the adsorbent material
came from a single preparation batch.

Previous experimental results comparing

adsorbents prepared at different times suggest that there is some batch-to-batch
variability that affects the flow test reproducibility. However, since the author did not
participate in the preparation of the adsorbent materials, factors that may contribute to the
differences between preparations is not discussed herein. Reproducibility was also tested
for the A-7 activated carbon material. For experiments run side-by-side with the same
fuel (model jet fuel), the results are clearly reproducible.

Figure 30. Reproducibility for metal oxide adsorbents with model jet fuel
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Figure 31. Reproducibility for activated carbon adsorbents with model jet fuel

The breakthrough point for three duplicate experiments are compared in Table X,
and the percent difference is presented.
Table 16. Error range for duplicated experiments for A-7, A-8, and A-9 with model jet
fuel
Breakthrough Point
Fuel

(g fuel/g ads)

Percent Difference

A-8

M Jet Fuel

7.7

7.4

4.1%

A-9

M Jet Fuel

6.5

7.4

12.2%

A-7

M Jet Fuel

23.5

24.2

2.9%

The experimental conditions from day to day can also play a role in the adsorbent
performance.

For example, the pretreatment conditions are very important for

oxidatively regenerable adsorbents and can affect the sulfur capacity. Zero air is used as
the pretreatment gas, but it is possible that moisture may have entered the gas stream,
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since a moisture trap was not used between the gas cylinder and the adsorbent sample.
Also, inconsistencies in the flow rate of oxygen may affect the contact and pretreatment
of the samples. Gas flow meters are used to verify the flow rate prior to pretreatment, but
occasionally it is not possible to monitor the gas flow rate in-situ. The pretreatment gas
flow may also be affected by the packing density and distribution of the adsorbent in the
column, but the packing density can be calculated before and after pretreatment to verify
that it is satisfactory. Finally, the type of furnace used and furnace heating rate may also
play a role in the pretreatment of metal oxide adsorbents.
Conditions during the flow test experiment may also affect adsorbent
performance. A difference in capacity could be due to slight inconsistencies in the flow
rate of fuel, which is set by the HPLC pump. The results of the LHSV test confirm the
influence of fuel flow rate on the adsorbent capacity, so it is important to verify that the
actual flow rate agrees with the set point.

For this reason, it is important to try and

maintain as much consistency as possible in the experiments.
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APPENDIX C VOLUMETRIC ANALYSIS

Figure 32. Model gasoline breakthrough curve on volume adsorbent basis

Figure 33. Model jet fuel breakthrough curve on volume adsorbent basis

Figure 34. Model diesel fuel breakthrough curve on adsorbent volume basis

Figure 35. Real diesel breakthrough curve on adsorbent volume basis
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Figure 36. Real JP-5 breakthrough curve on adsorbent volume basis

Figure 37. Real JP-8 breakthrough curve on adsorbent volume basis
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APPENDIX D EXAMPLE CALCULATIONS

Adsorbent Weight (before pretreatment) = Empty Column Wt – Packed Column Wt.
Dry Adsorbent Weight (after pretreatment) = Dry Column Wt – Empty Column Wt.
Amount of Fuel in Column (post sulfur removal) = Final Column Wt – Dry Column Wt
Incremental Fuel Weight = Total Wt (fuel+vial) – Vial Wt
Treated Fuel Amount (g/gads) = Fuel Wt / Dry Adsorbent Weight
Treated Fuel Amount (g/mlads) = Fuel Wt / 2.49 mL
Breakthrough Capacity (mg S/g ads) =
Treated Fuel Amt (g/gads) at Breakthrough*C0 (in ppm S)/1000
Breakthrough Capacity per surface area (mg S/m2 ads) =
Breakthrough Capacity (mg S/gads)/Adsorbent Surface area (m2/g ads)
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Figure 38. Example experiment data sheet
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