Proceeding of the 4™ ICEE Conference 27-29 May 2008 221

4™ International Conference On
Chemical & Environmental
Engineering

27-29 May 2008

Military Technical College
Kobry Elkobbah, Cairo,

Egypt.

RECENT TRENDS IN THE CLEANING OF DIESEL FUELS VIA
DESULFURIZATION PROCESSES

S. A. HANAFI* and M. S. MOHAMED*

ABSTRACT

This paper is a selective review of new approaches and emerging technologies for
ultra-clean (ultra-low sulfur) diesel fuels. The issues of diesel deep desulfurization are
becoming more serious because some crude oils are higher in sulfur contents, while
the regulated sulfur limits are becoming lower and lower. Deep reduction of diesel
sulfur (from 500 to < 15 ppmw sulfur) is dictated largely by 4,6-
dimethyldibenzothiophene, which represents the least reactive sulfur compound that
have substitutions on both 4- and 6- positions. The deep HDS problem of diesel
streams is exacerbated by the inhibiting effects of co-existing polyaromatics and
nitrogen compounds in the feed as well as, H,S in the product. New and more
effective approaches and continuing catalysis and processing researches are needed
for producing affordable ultra-clean diesel fuels, in order to meet the new government
sulfur regulations in 2006-2010. Desulfurization research should also take into
consideration the fuel-cell fuel processing needs, which will have stringent
requirement on desulfurization.
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1- INTRODUCTION:

Clean fuels research including desulfurization has become an important subject of
environmental catalysis studies worldwide!". The US Clean Air Act Amendments of
1990 and the new regulations by the US Environmental Protection Agency (EPA),
and government regulations in many countries call for the production and use of
more environmentally friendly transportation fuels with lower contents of sulfur.
Tables 1 and 2 show the current US EPA regulations for gasoline® and diesel
fuels®”) including non-road diesel fuels®, respectively, along with earlier fuel
specification data in the US for comparison®'?. With the new US EPA Tier Il
regulations to reduce the gasoline sulfur from current maximum of 350-30 ppmw by
2006, and to cut the highway diesel fuel sulfur from current 500 ppmw down to 15
ppmw by June 2006, refineries are facing major challenges to meet the fuel sulfur
specification. EPA has announced plan to reduce non-road diesel fuel sulfur from
current average of 3400 ppmw down to 500 ppmw by 2007 and further to 15 ppmw
by 2010 12).

Table (1): US EPA Tier Il gasoline sulfur regulation®.

Year
1988 1995 2005 | 2006
Category
Refinery 1000 <330 ppmw S and < 29.2% | 30 30
average (maximum)\'® aromatics required for national
(ppmw) certification

Table (2): US EPA sulfur regulations for diesel and fuels®.

Year
1989 1993 2006 2010

Category
Highway 5000 with 500 (current 15 (regulated in | 15 (regulated
diesel (ppmw) | minimum upper limit 2001; exclude in 2001; apply

cetane no. since 1993 some small to all refineries

409 refineries)
Non-road 20000"? 5000 500 (proposed in | 15 (proposed
diesel (ppmw) 2003 for 2007) in 2003 for

2010)

The problem of deep removal of sulfur has become more serious due to the lower
and lower limit of sulfur content in finished fuel products by regulatory specifications,
and and higher sulfur contents in crude oils. A survey of the data on crude oil sulfur
content and API gravity for the past two decades reveals a trend that US refining
crude slates continue towards higher sulfur contents and heavier feeds. The average
sulfur contents of all the crude oils refined in the five regions of the US known as five
Petroleum Administration for Defense Districts (PADDs) increased from 0.89wt% in
1981 to 1.42wt% in 2001, while the corresponding API gravity decreased from 33.74
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in 1981 to 30.49 API in 2001*'®. The problem for diesel desulfurization is also
somewhat more serious in the US because a higher proportion of light cycle olil
(LCO) from FCC is used in the diesel pool in the US!"®, which has higher contents of
more refractory sulfur compounds (see below). H, demand increase is another
challenge to the refinery operations. Hydrogen deficient are processing restraints and
will impact future hydrotreating capabilities and decisions!"".

The heightened interests in ultra-clean fuels, are also due to the need for using new
emission control technology of IC engines (especially those for diesel fuels), and for
using on-board or on-site reforming of hydrocarbons fuels for new fuel cell
vehicles!'®).

This article is a selective overview on new design approaches and associated
catalysis and chemistry, as well as, processes for deep desulfurization of
hydrocarbon fuels, particularly diesel fuels.

2- CHALLENGES OF ULTRA-DEEP DESULFURIZATION OF DIESEL FUELS:
2.1- Reactivity of organic sulfur compounds in hydrodesulfurization (HDS):

Fig. 1 present a qualitative relationship between the type and size of sulfur molecules
in various distillate fuel fractions and their relative reactivities'®. Various refinery
streams are used to produce three major types of transportation fuels, gasoline, jet
fuels and diesel fuels that differ in composition and properties. For the sulfur
compounds without a conjugation structure between the lone pairs on S atom and
the Ttr-electrons of the aromatic ring, including disulfides, sulfides, thiols and
tetrahydrothiophene, HDS occurs directly through hydrogenolysis pathway. These
sulfur compounds exhibit higher HDS reactivity than that of thiophene by an order of
magnitude, because they have higher electron density on the S atom and weaker
C-S bond. The reactivities of the 1- to 3- ring sulfur compounds decrease in the order
thiophenes > benzothiophenes > dibenothiophenes®®. In gas oils, the reactivities of
(alkyl — substituted) 4-methyldibenzothiophene and 4,6-dimethyldibenzothiophene
(4,6-DMDBT) are much lower than those of other sulfur-containing compounds®?").
Recently, investigations have demonstrated that sulfur compounds remaining in
diesel fuels at sulfur level lower than 500 ppm by conventional HDS are the
dibenzothiophenes with alkyl substituents at the 4- and/or 6- position“s). These
species are termed refractory sulfur compounds®®. Both steric hindrance and
electronic factor are responsible for the observed low reactivity of these refractory
sulfur compounds('®. The shape of these molecules "hides" the sulfur from the
catalyst, making it difficult to remove by the conventional desulfurization
mechanism®?Y. To remove these molecules, the molecular structure must be
changed by saturating one of the aromatic rings. This twists the molecule, making the
sulfur more accessible®). Consequently, in deep HDS, the conversion of the
refractory sulfur compounds largely determines the required conditions®.

Therefore, petroleum refining industry is facing a major challenge to meet the new
stricter sulfur specifications in the early 21 century where the quality of the crude
oils decline in terms of increased sulfur content and decreased API gravity®”.
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Fig. 1: Reactivity of various organic Sulfur compounds in HDS versus their ring sizes
and positions of alkyl substitutions on the ring.

2.2- Mechanistic pathways:

Substantial progress has been made in fundamental understanding and practical
applications of hydrotreating catalysis and metal sulfide-based catalysts for HDS as
discussed in several excellent reviews®?*?229 The following discussion focuses on
deep desulfurization of polycyclic sulfur compounds.

HDS of thiophenie compounds proceeds through two pathways (scheme 1):
hydrogenation pathway (hydrogenation followed by hydrogenolysis) and the direct
hydrogenolysis pathway (direct elimination of S atom via C-S bond cleavage)®*2?.
Hydrogenation and hydrogenolysis occur at different active sites. Data for DBTs
could be arranged by the Langmuir-Hinshelwood rate equation. Activation energies
of DBT, 4-MDBT and 4,6-DMDBT were 24, 31 and 40 k cal/mol, respectively. Heats
of adsorption for DBT, 4-MDBT and 4,6-DMDBT were 12, 20 and 21 k cal/mol,
respectively®?. Kab et al® proposed that 4-MDBT or 4,6-DMDBT can be adsorbed
on the catalyst through -electron in the aromatic rings more strongly than that of
DBT and that the C-S bond cleavage of adsorbed DBTs is disturbed by steric
hindrance of the methyl group®®. Previous studies have demonstrated that over the
industrial HDS catalysts, the refractory sulfur compounds, particularly 4,6-DMDBT
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are desulfurized dominantly by the hydrogenation pathway as the alkyls at the 4-
and/or 6- position of DBT strongly block the hydrogenoloysis pathway®**>),

Hydrogenation of 4,6-DMDBT leads to a flexible cyclohexyl ring. The hydrogenated
ring can adopt several conformations, in some of which the bulky methyl substituent
is rotated away from the sulfur atom. This decreases the steric hindrance of the
methyl groups located at positions 4 and 6 and makes the sulfur atom more
accessible for desulfurization. Furthermore, the lengths of the C-S bonds increase
with the degree of saturation of the molcuels, making these bonds more reactive®®.
As desulfurization of the refractory sulfur compounds occurs dominantly through the
hydrogenation pathway, the inhibition of the coexistent aromatics towards HDS of the
refractory sulfur compounds by competitive adsorption on the hydrogenation active
sites becomes stronger in deep HDS®").

H,S produced from reactive sulfur compounds in the early stage of the reaction is
one of the main inhibitors for HDS of the unreactive species®*).

Other feed impurities such as N-compounds, are inhibitors for the hydrogenative
HDS route. These strong 11-bonding species hinder the interaction of the refractory S
compounds with the active catalytic site!**2.

Hydrogenation Hydrogenolysis
‘ O n— —_— + HES
. Current
R R R S R R R Technology
Direct
\Hydrogenotysis
' ' R
R
S
. R R v
[ Future
Technology
iSpel
R +
H,S

Scheme 1. HDS reaction pathways
3- Catalyst formulations for HDS:

The basic compositions of current HDS catalysts are represented by molybdenum
sulfide promoted by cobalt or nickel and supported on porous y-alumina, Co-
Mo/Al,O3, Ni-Mo/Al,Os, with various modifications by using additives (e.g., boron or
phosphorus), more promoters (e.g., Ni-CoMo/Al;O3) or improved preparation
methods. The activity and selectivity of the hydrotreating catalysts have been
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improved significantly as a result of continuous research and development in
research institutions and catalysts, and petroleum companies worldwide***®),

An excellent review has been published by Topsoe et al.“® on chemistry and
catalysis by metal sulfides. Design approaches for developing more active catalysts
are based on the ideas to tailor the active sites for desired reactions. The exact
nature of active sites in Co-Mo or Ni-Mo catalysts is still a subject of debate , but the
Co-Mo-S model (or Ni-Mo-S model for Ni-Mo catalysts) is currently the one most
widely accepted®®®?. According to the model, the Co-Mo-S structure or Ni-Mo-S
structure is responsible for the catalytic activity of the Co-promoted or Ni-promoted
MoS, catalyst, although the model does not specify whether the catalytic activity
arises from Mo promoted by Co or from cobalt promoted by molybdenum. Density-
functional theory calculations show that addition of Co-MoS; structure lowers the
sulfur binding energy at the edges and thereby provides more active sites®". The
formation of sulfur vacancy in MoS; under H, atmosphere has been observed directly
for the first time by scanning tunneling microscope (STM)®2.

Among the Co-Mo-S structure, for alumina-supported catalysts, the intrinsically more
active phase was referred to as type Il (Co-Mo-S Il), and the less active phase as
type | (Co-Mo-S I). Type | structure is assumed to be bonded to support through Mo-
O-Al linkages and has less stacking, whereas type Il structure has higher stacking
and few linkages with support®®. For steric reasons, catalyst-support linkages in Co-
Mo-S | probably hinder reactant molecules from approaching the catalytically active
sites, and thus Co-Mo-S Il is more active than Co-Mo-S |. Daage and Chianelli®®
reported that the top and bottom layers (rim) of unsupported MoS, stacks (slabs)
have a much higher activity than the surface of intermediate layers (edge) for
hydrogenation of BDT, while the hydrogenolysis of the C-S bond in DBT occurs
equally well on all MoS; layers. They proposed a rim-edge model, and explained that
the 1r-adsorption on MoS; surface results in hydrogenation of DBT which can take
place on rim sites but this adsorption is more difficult on edge sites, whereas vertical
adsorption of sulfur is assumed to be necessary for C-S bond hydrogenolysis which
can take place on surface Mo sites of all layers (both rim and edge). The Co-Mo-SI
model makes no distinction between rim and edge, but Co-Mo-SIl would seem to
have relatively more rime sites that are not likely to be influenced by steric hindrance
of reactant adsorption. Consequently, more Co-Mo-SlI structures can lead to more
active catalysts for desulfurization of polycyclic sulfur compounds.

4- Design approaches to ultra deep desulfurization of diesel:

Approaches to ultra-deep desulfurization include: (1) improving catalytic activity by
new catalyst formulation for HDS of 4,6-DMDBT; (2) tailoring reaction and process
conditions; (3) designing new reactor configurations; and (4) developing new
processes. Design approaches for ultra-deep HDS focus on how to remove 4,6-
DMDBT more effectively. One or more approaches may be employed by a refinery to
meet the challenges of producing ultra-clean fuels at affordable cost. Table 3 outlines
processing approaches for ultra-deep desulfurization to produce ultra-low-sulfur
diesel"** where the processes for reducing sulfur content in diesel feedstock can
be grouped according to the treatment around FCC; including: (1) post-treating
product to remove sulfur from FCC LCO as well as other gas oil streams; (2)
pretreating the FCC feed to remove sulfur, and (3) increasing sulfur conversion in situ
to hydrogen sulfide during the FCC operation. General processing methods and
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developers are listed below for desulfurization of gas oil streams (including LCO from
FCC, CGO from delayed coker, and straight — run gas oil, etc.). Some selected
approaches are elaborated below.

Table (3): Approaches to deep desulfurization for cleaner diesel fuels.

Category

Description and representative process

Remarks

(I) Post-FCC and non-FCC
distillate S removal

(II) Pre-FCC sulfur removal

(IIT) In situ FCC sulfur removal

- Dhet h,
F

Apply conventional HDS of middle distillates with higher
process severity (many companies can apply hydrotreating
with longer residence time or at higher temperature)

Ultra-deep HDS of middle distillate (MAKFining premium
distillates technology (PDT) by Akzo Noble, ExxonMobil,
and Kellog Brown)

Ultra-deep HDS (SynHDS) and hydrodearomatization
(SynSat) and cet impr t by ring-opening (SynShift)
of middle distillate (SynTech y including new

design by SynAlliance including ABB L Criterion
Catalyst, and Shell Global)

Two-stage hydrotreating for ultra-low-sulfur diesel fuel using
industrially proven high-activity TK catalysts (Haldor-Topsoe)
Ultra-deep HDS, hydrod g and hydrog ion of
distillate fuels (Unionfining by UOP; Prime-D by IFP)
Hydrodcaromatization (HDAr) of middle distillate in the

sccond stage (MAKFining Premium Distillates Technology
(PDT) by Akzo Noble, ExxonMobil, and Kellog Brown)

Sulfur adsorption and capture by solid metal-based adsorbent
at elevated temperatures under low Ha pressure (Phillips
Petroleum S-Zorb Diesel)

Sulfur adsorption and capture by solid metal oxide sorbent at
high temperatures (RT1 TReND)

Selective adsorption for removing sulfur (SARS) as organic
compounds by solid adsorbent at ambient temperature

without using Hz (Pennsylvania State University, PSU-SARS)

Integrated adsorption and hydrotreating of concentrated sulfur
from adsorption (Pennsylvania State University,
PSU-SARS-HDSCS)
Oxidative desulfuri

PetroStar DeS)
Bioch

Deep HDS of feed before catalytic cracking in FCC reactor,
which greatly reduces sulfur in FCC naphtha and in LCO
(Akzo Nobel, IFP, UOP, etc.)

(SulphCo DeS; Unipure ASR-2;

furization (Encrgy BioSystems DeS)

or extraction

such as ad:

POl b !
to remove sulfur {concept suggested here as a possible

approach based on PSU-SARS)

Convert more organic sulfur into H2S during FCC operation,
which can reduce organic sulfur in liquid products (Akzo

HDS at higher severity

HDS with more active catalysts

HDS with new reactor
design and better catalysts

HDS in staged operation
HDS, HDN and HDAr

HDAr after HDS

Non-HDS, stoichiometric Ha
consumption

Non-HDS, with H; atmosphere

Adsorption, no Hz; can reach
<1 ppm S for fuel cells

Adsorption plus HDS

Use peroxide as oxidant
Use bacteria for sulfur oxidation
HDS at higher Hz pressure

and longer residence time

Adsorption without Ha

Sulfur conversion to HzS in FCC

Nobel's Resolve; Grace Davison’s Saturn (GSR-6.1))

Capture organic sulfur using metal species to retain sulfur as Sulfur capture in FCC

sulfur oxide, and regencrate it in the regenerator (concept
suggested here as a possible approach based on reactive
| using bent)

4.1- Improving catalytic activity by new catalyst formulation:

Design approaches for improving catalytic activity for ultra-deep HDS focus on how
to remove 4,6-DMDBT more effectively, by modifying catalyst formulations to: (1)
enhance hydrogenation of aromatic ring in 4,6-DMDBT by increasing hydrogenating
ability of the catalyst; (2) incorporate acidic feature in catalyst to induce
isomerizations of methyl groups away from the 4- and 6- positions; and (3) remove
inhibiting substances (such as nitrogen species in the feed, H,S in gas) and tailoring
the reaction conditions for specific catalytic functions. The catalytic materials
formulations may be improved for better activity and/or selectivity by using different
supports (MCM-41, carbon, HY, TiO,, TiO,-Al,O3, etc). for preparing supported
Co/Mo, Ni/Mo and Ni/W catalysts; by increasing loading level of active metal (Mo, W,
etc.); by modifying preparation procedure (using different precursor, using additives,
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or different steps or sequence of metal loading); by using additives or additional
promoters (P, B, F, etc.); by adding one more base metal (e.g., Ni-CoMo or Co-NiMo,
Nb, etc.); and by incorporating a noble metal (Pt, Pd, Ru, etc.).

New and improved catalysts and different processing schemes are among the
subject, of active research on deep HDS®*®%. For example, some studies examined
carbon-supported CoMo catalysts for deep HDS®'®®). Binary oxide supports have
been examined for making improved HDS catalysts®®®®. Mesoporous molecular
sieve of MCM-41 type has also been examined as support for Co-Mo/MCM-41
catalyst for deep HDS of diesel fuels®’,

4.2- Commercial HDS catalyst development:

The catalyst development has been one of the focuses of industrial research and
development for deep HDS. For example, new and improved catalysts have been
developed and marketed by Akzo Noble, Criterion, Haldor-Topsoe, United
catalyst/Sud-Chemie, and Exxon Mobil. Akzo Noble currently markets four CoMo
desulfurization catalysts; KF 752, KF 756 and KF 757, which have been available for
several years, and KF 848, which was announced in 2000%"). KF 752 can be
considered to be typical of an Akzo Nobel catalyst of the 1992-1993 timeframe, while
KF 756 and 757 catalysts represent improvements. Akzo Nobel estimates that under
typical conditions (e.g., 500 ppmw sulfur), KF 756 is 25% more active than KF 752,
while KF 757 is 50% more active than KF 752 and 30% more active than KF 756",
However, under more severe conditions (e.g., <50 ppmw sulfur), KF 757 is 35-75%
more active than KF 756. KF 848 is 15-50% more active than KF 757. Commercial
experience exists for both advanced catalysts. KF 756 was widely used in Europe
(20% of all distillate hydrotreaters, operating on 1% January 1998), while KF 757 has
been used in at least three hydrotreaters commercially(s).

NEBULA catalyst has bend developed jointlg/ by Exxon Mobil, Akzo Nobel, and
Nippon Ketjen and commercialized in 20017%7%).

Haldor-Topsoe has also developed a more active catalyst. Its Tk-554 catalyst is
analogous to Akzo Nobel's KF 756 catalyst, while its newer, more active catalyst is
termed TK-574.

Criterion Catalyst Company announced two new lines of catalyst. One is called
century, and the other is called centinel®®. These two lines of catalysts are reported
to be 45-70 and 80% more active, respectively, at desulfurizing petroleum fuel than
conventional catalysts used in the mid-1990s®. These improvements have come
about through better dispersion of the active metal on the catalyst substrate.

4.3- Tailoring reaction and processing conditions:

Tailoring process conditions aims at achieving deeper HDS with a given catalyst in
an existing reactor without changing the processing scheme, with no or minimum
capital investment. The parameters include those that can be tuned without any new
capital investment (space velocity, temperature, pressure), and those that may
involve some relatively minor changes in processing scheme or some capital
investment (expansion in catalyst volume or density, H,S scrubber from recycle gas,
improved vapor-liquid distributor”*""). First, space velocity can be decreased through
increasing the catalyst bed volume or reducing the flow rate of liquid feedstock to
increase the reactant-catalyst contact time. More refractory sulfur compounds would
require lower space velocity for achieving deeper HDS. Second, temperature can be
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increased, which increases the rate of HDS. Higher temperature facilitates more of
the high activation-energy reaction. Third, H, pressure can be increased. Fourth,
improvements can be made in vapor-liquid contact to achieve uniform reactant
distribution, which effectively increases the use of surface area of the catalyst.
Finally, the concentration of hydrogen sulfide in the recycle stream can be removed
by amine scrubbing. Since H,S is an inhibitor to HDS, its build-up in high-pressure
reactions through continuous recycling can become significant.

Some of these factors are elaborated further below.

Liquid-hourly space velocity (LHSV) and catalytic bed volume are inter-related
parameters that control both the level of sulfur reduction and the process throughput.
Increase in catalyst bed volume can enhance HDS. UOP projects that doubling
reactor volume would reduce sulfur from 120 to 30 ppmw®.

Increasing the temperature of reaction can enhance the desulfurization of more
refractory sulfur compounds. Haldor-Topsoe showed that an increase of 14°C while
processing a mixture of SRLGO and LCO with its advanced TK-574 Co-Mo catalyst
will reduce sulfur from 120 to 40 ppmw'®. The downside of increased temperature is
the reduction of catalyst life"®. This increases the cost of catalyst, as well as, affects
highway diesel fuel production while the unit is down for the catalyst change.

Role of H,S in deep HDS of gas oils has been discussed in detail by Sie™®. The
decrease in the concentration of H,S in gas phase could reduce the inhibition of the
desulfurization”*® and hydrogenation reactions. H,S can be removed by chemical
scrubbing. UOP projects that scrubbing H»S from recycle hydro?en can reduce sulfur
levels from roughly 285 to 180 ppmw in an existing hydrotreater6).

The increase in H; partial pressure and/or purity can improve HDS and
hydrogentation. Holder-Topsoe showed that an increase in hydrogen purity of 30%
would lower the temperature needed to achieve the same sulfur removal rate by 8-
9°C. Or temperature could be maintained while increasing the amount of sulfur
removed by roughly 40%®©.

Increasing, the recycle gas/oil ratio (increase in the amount of recycle gas sent to the
inlet of the reactor) could increase the degree of desulfurization, but the effect is
relatively small so a relatively large increase is needed to achieve the same effect as
scribing recycle gas''?. Haldor-Topsoe indicated that a 50% increase in the ratio of
total gas/liquid ratio only decreases the necessary reactor temperature by 6-8°C; or
temperature can be maintained and the final sulfur level reduced by 35-45%®.

The improvement in vapor-liquid contact can enhance the performance of distillate
hydrotreaters. Akzo Nobel estimated that an improved vapor-liquid distributor can
reduce the temperature necessary to meet a 50 ppmw sulfur level by 10°C, which in
turn would increase catalyst life and allow an increase in cycle length from 10 to 18
months®.

The above-mentioned individual improvements described cannot be simply
combined. As each existing distillate hydrotreater is unique in its combination of
design, catalyst, feedstock, and operating conditions. While the improvements
described above are probably indicative of improvements which can be made in
many cases, it is not likely that all of the improvements mentioned are applicable to
any one unit; the degree of improvement at one refinery could either be greater than,
or less than the benefits that are indicated for another refinery.
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4.4- Designing new reactor configurations:

Industrial reactor configuration for deep HDS of gas oils in terms of reaction order
and effect of H,S has been discussed"®®'®". The reactor design and configuration
involve one-stage and two-stage desulfurization as shown in Fig. 238" Hydrogen
sulfide strongly suppresses the activity of the catalyst for converting the refractory
sulfur compounds which should occur in the major downstream part of a co-current
trickele-bed reactor during deep HDS. The normally applied Co-current trickle-bed
single reactor is therefore not the optimal technology for deep HDS"®. However, a
second reactor can be used, particularly to meet lower sulfur levels. Adding a second
reactor to increase the degree of desufurization is an option, and both desulfurization
and hydrogenation in the second reactor can be improved by removing H,S and NH3
from the exit gas of first reactor before entering the second reactor. This last
technical change is to install a complete second stage to the existing one-stage
hydrotreater. This second stage would consist of a second reactor, and a high
pressure, hydrogen sulfide scrubber between the first and second reactor®). The
compressor would also be upgraded to allow a higher pressure to be used in the new
second reactor®). Assuming use of the most active catalysts available in both
reactors, UOP projects that converting from one-stage to a two-stage hydrotreater
could produce 5ppmw sulfur relative to a current level of 500 ppmw today(6 )

A new way of reactor design is to have two or three catalyst beds, that are normally
placed in separate reactors, within a single reactor shell and have both co-current
and counter-current flows"®. This new design was developed by ABB Lummus and
Criterion called Syn Technology®®%. With this technology, in a single reactor design,
the initial portion of the reactor will follow a co-current design, while the last portion of
the reactor will be counter-current®. Traditional reactors are co-current in nature. The
hydrogen is mixed together with the distillate at the entrance to the reactor and flow
through the reactor together. Because the reaction is exothermic, heat must be
removed periodically. This is sometimes done through the introduction of fresh
hydrogen and distillate at one or two points further down the reactor. The advantage
of co-current design is practical, it eases the control of gas-liquid mixing and contact
with the catalyst. The disadvantage is that the concentration of H; is the highest at
the front of the reactor and lowest at the outlet. The opposite is true for the
concentration of H,S. This increases the difficulty of achieving extremely low-sulfur
levels due to the low H, concentration and high H>S concentration at the end of the
reactor. A new solution to this problem is to design a counter-current reactor, where
the fresh Hy is introduced at one end of the reactor and the liquid distillate at the
other end (Fig. 3). Here, the hydrogen concentration is highest (and the H»S
concentration is lowest) where the reactor is trying to desulfurize the most difficult
compounds. The difficulty of counter-current design in the case of distillate
hydrotreating in vapor-liquid contact and the prevention of hot spots within the
reactor.

In a two-reactor design, the first reactor will be co-current, while the second reactor
will be counter current. ABB Lummus estimated that the counter current design can
reduce the catalyst volume needed to achieve 97% HDS by 16% relative to a-co-
current design(e). The impact of the counter-current design is even more significant
when aromatics control (or cetane improvement) is desired in addition to sulfur
control. However, operation of counter-current flow reactor might not be possible in
packed beds of the usual catalyst particles because of the occurrence of flooding at
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industrially relevant fluid velocities. Criterion offers the catalysts for the Syn-Sat and
Syn Shift processes. Syn Shift involves deep heteroatom removal, ring opening, and
aromatic, saturation thus decreasing (shifting) boiling range!’®.
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Fig. 2: Single-Stage Process Flow Diagram
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Fig. 3: Reactor Design for Deep HDS
4.5- Developing new processes:

Among the new process concepts, design approaches for ultra-deep desulfurization
focus on: (1) adsorption and sulfur atom extraction by using reduced metals to react
with sulfur to form metal sulfides at elevated temperatures under H, atmosphere
without hydrogenation of aromatics; (2) selective adsorption of sulfur compounds-
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remove sulfur by selective interaction with sulfur compounds in the presence of
aromatic hydrocarbons under ambient or mild conditions without hydrogen; (3)
oxidation and extraction-oxidize sulfur compounds by liquid-phase oxidation
reactions with or without ultrasonic radiations, followed by separation of the oxidized
sulfur compounds; and (4) biodesulfurization by using bacteria via microbial
desulfurization.

4.5.1- Reactive adsorption for sulfur capture and S-Zorb process:

Phillips Petroleum conducted an internal study of its refineries and concluded the use
of hydrotreating technologies to reach ultra-low sulfur levels to be a cost-prohibitive
option®®*. A prospective diesel desulfurization process, S-Zord diesel, was
announced by Phillips Petroleum, which is an extension of their S-Zorb process for
gasoline (at 377-502°C, 7.0 -21.1 kg/cm?)®®. S-Zorb for diesel contacts highway
diesel fuel (typically) with about 350 ppmw sulfur) with a solid sorbent in a fluid bed
reactor at relatively low pressures and temperatures in the presence of hydrogen
(Fig. 4). The sulfur atom of the sulfur-containing compounds adsorbs onto the
sorbent and reacts with the sorbent. Phillips Petroleum used a proprietary sobent that
attracts sulfur-containing molecules and removes the sulfur atom from the molecule.
The sulfur atom is retained on the sorbent while the hydrocarbon portion of the
molecules is released back into the process stream. Hydrogen sulfide is not released
into the product stream and therefore prevents recombination reactions of hydrogen
sulfide and olefins to make mercaptans, which would otherwise increase the effluent
sulfur concentration. Based on the principle, it appears that the sorbent is based on
reduced metal that reacts with sulfur to become metal sulfide. The spent sorbent is
continuously withdrawn from the reactor and transferred to the regenerator section.
In a separate regeneration vessel, the sulfur is burned off of the sorbent and SO, is
drawn to the sulfur plant. The cleaned sorbent is further reduced by hydrogen and
the regenerated sorbent is then recycled back to the reactor for removing more
sulfur. The rate of sorbent circulation is controlled to maintain the desired sulfur
concentration in the product. Because the sorbent is continuously regenerated, Pillips
proposed that the unit will be able to operate 4-5 years between shutdown'’?.
Because untreated distillate can contain several % sulfur, Phillips believes that the S-
Zorb process for diesel could get over whelmed by the amount of sulfur which is
adsorbed onto the sorbent. Thus, the S-Zorb process may not be able to treat
untreated distillate streams but would likely be used to treat distillate containing 500
ppmw sulfur or less!"%°"),



Proceeding of the 4™ ICEE Conference 27-29 May 2008 233

50,
Regenerator | Regenerator Sorbent
- Recelver Storage
Reactor Sorbent "—|
pr—- "eﬂlHEI N,
Purge
- -
e Al
Feed + H,

Fig. 4: S Zorb Unit

4.5.2- Selective adsorption for deep desulfurization at ambient temperature
(SARS):

An alternate process for deep desulfurization of distillate fuels (diesel, gasoline and
jet fuels) based on selective adsorption for removal of sulfur compounds (SARS) at
ambient conditions without using H>®*®%. Fig. 5 illustrates the known coordination
geometries of thiophene in organometallic complexes, which indicate likely
adsorption configurations of thiophenic compounds on the surface of adsorbents.
Both thiophenic compounds and non-suflur aromatic compounds can interact with
metal by t-electrons. However, in Fig. 5 only two types of interaction of thiophene
with metal involve sulfur atom in thiophene, the n's bonding interaction between the
sulfur atom and one metal atom, and the Su3 bonding interaction between the sulfur
atom and two metal atoms!'%1%",

R M P =
Qo w

n's S-u3 4

n n’
" .
! W
H H M ]
niSH2 14S-u3 n n'c

Fig. 5: Known coordination geometries of thiophene in organometallic complexes,
indicating likely adsorption configurations of thiophenic compounds on the
surface of adsorbents

4.5.3- New integrated process based on adsorption:
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By using conventional HDS processes, the refiners need to process 100% of the fuel
for dealing with sulfur compounds that account for less than 0.3wt%. of the feed with
500 ppmw sulfur level. Fig. 6 shows the flow diagram of the proposed concept of the
new integrated desulfurization process, which consists of selective adsorption for
removal of sulfur compounds (SARS) followed by HDS of concentrated sulfur
compounds using high-activity catalysts such as Co-Mo/MCM-41192  The
subsequent HDS of sulfur compounds removed by selective adsorption is much
easier than conventional HDS of diesel streams for two reasons. First, it is more
concentrated and thus reactor utilization is more efficient. Second, the rate of HDS
reaction is faster because of the removal of aromatics which inhibit the HDS by
competitive adsorption in the hydrogenation sites. Third, and most important for
practical application, the reactor volume can be made substantially smaller because
the amount of fuel to be processed is smaller by 95% or more.

Recycle eluent
’_“@ ] Hz

A HDS Reactor
HS+H,

Evaporator

\/ Sulfur
, fraction,
< 1'wi% of feed
Fluate : Desulfurized
. pmdu%
Hydrocarbion fraction, > 99 wt % of feed le endifig

Fig. 6: The Proposed Adsorption Process for Deep Desulfurization
4.5.4- Adsorption of polar nitrogen compounds before diesel HDS:

Adsorption of polar substances can be used as a pretreatment to remove nitrogen
before HDS of fuels. Feedstocks for diesel fuel, such as atmospheric gas oil and
LCO from FCC, contain some nitrogen compounds''®®. SK in Koria has developed a
new process, SK HDS Pretreatment Process that enables the refiners to produce
economically ultra-low-sulfur-diesel of below 10 ppmw!('®*'%) |t is known that
nitrogen compounds can inhibit HDS on catalyst surface due to competitive
adsorption. Adsorption removal of nitrogen compounds is used as a pretreatment
before conventional HDS processing. Using a solid adsorbent, this process is based
on the adsorptive removal of nitrogen containing compounds (NCCs) from the
feedstock prior to conventional HDS units. In the SK HDS Pretreatment Process, the
feedstock to the HDS unit is pretreated, and 90% or more of NCC in the feedstock is
removed, resulting in higher desulfurizatin in a conventional HDS unit. It was found
that the degree of improvement in HDS is proportional to the degree of NCC removal.
SK HDS Pretreatment Process is claimed to be a cost-effective method for refineries
to choose for 10 ppmw ULSD production. The SK HDS Pretreatment Technology has
a simple process configuration (Fig. 7). The process consists of parallel vertical
vessels with adsorbent beds, adsorption solvent circulation system, two stripping
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columns and associated pumps and overhead system. The diesel feedstock is
passed over one of the adsorbent vessels followed by stripping to remove a small
amount of desorption solvent. Nitrogen bearing NCCs are adsorbed it the adsorber.
In the desorption cycle the adsorbed NCCs are removed from the off-line adsorbent
bed and stripped in the second stripper column. The desorbed solvent is recycled in
the process. Pretreated diesel blend is further processed in the downstream HDS
unit. The rejected NCC stream, about 4 vol.% for SK's LCO treatment cas, can be
blended either into the refinery fuel oil pool or with Marine Diesel'%®.
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Fig. 7: SK HDS Pretreatment Process

4.5.5- Charge complex formation:

It is well established that among all sulfur-containing compounds present in gas oil,
alkyldibenzothiophene compounds are the most refractory to the achievement of
deep classical hydrodesulfurization. Focusing on these refractory sulfur compounds
in gas oil, Milenkovic et al.'*"1%® explored an approach to selective elimination of
alkyldibenzothiophenes from gas oil by formation of insoluble charge-transfer
complexes. Milenkovic et al., have noted the electron-rich structure of alkyl DBTs and
studied their ability to form charge-transfer complexes (CTC) with 1-acceptors in
order to develop a new highly selective method for their specific removal from gas oil.
They reported the selective formation of insoluble CTC between dibenzothiophene
derivatives and tetranitrofluorenone in synthetic solutions, which model the gas oll
matrix. By the same procedure the global sulfur level was lowered in gas oils. A new
method based on the selective formation of insoluble charge transfer complexes for
removing the refractory compounds was described. Furthermore, they showed that
the charge transfer complexation method is specific for dibenzothiophenes with
regard to benzothiophenes. The complexation activity and selectivity have been
correlated to the frontier molecular orbital energies and their shapes''%®.
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4.5.6- Oxidation and extraction for desulfurizatin:

Oxidation of sulfur atom in liquid phase, with or without radiation by ultrasound or UV
light, followed by extraction of oxidized species can lead to desulfurization of diesel

fuels''%%10).

Shiraishi et al.,"""""? explored a novel deep desulfurization process of light oil,
effected by a combination of photochemical reaction and organic two-phase liquid-
liquid extraction. The process is comprised of two stages. The first consists of the
transfer of the sulfur-containing compounds from the light oil to an aqueous-soluble
polar solvent. This is then followed by the photooxidation and photodecomposition of
the sulfur-containing compounds in the solvent by UV irradiation, using a high-
pressure mercury lamp. The operations are carried out under conditions of room
temperature and atmospheric pressure.

With respect to the commercial oxidation process development, Petrostar announced
a desulfurization technology, which removes sulfur from diesel fuels using chemical
oxidation""®. Desulfurization of diesel fuel is accomplished by first forming a water
emulsion with diesel fuel. In the emulsion, the sulfur atom is oxidized to a sulfone
using catalyzed peroxyacetic acid. With an oxygen atom attached to the sulfur atom,
the sulfur-containing hydrocarbon molecules become polar and hydrophilic and then
move into the aqueuous phase. Like biodesulfurization, some of the sulfones can be
converted to a surfactant which could be sold to the soap industry at an economically
desirable price; the earnings made from the sales of the surfactant could offset some
of the cost of oxidative desulfurization"®11%).

4.5.7- Biodesulfurization:

An alternative approach is the use of microbial biocatalysts to perform the
desulfurization reaction at low temperature and under atmospheric pressure. This
process, known as biodesulfurization (was first described in 1950s), in which
anaerobic bacteria able to convert DBT to biphenyl and hydrogen'®'®) However, all
these microorganisms presented very low desulfurizing activities not compatible with
a practical process. Many aerobic bacteria are able to degrade DBT either by a ring
destructive pathway without removal of the sulfur or by a completely destructive
pathway in which DBT is mineralized"'”. Such metabolic pathways are not
applicable to petroleum desulfurization since they lead to a loss of the fuel energetic
value.

At the beginning of the 1990s, the research in biodesulfurization was intensified due
to the implementation of more stringent regulations on the sulfur content in fuels,
Biodesulfurization became relevant only since 1992 when several aerobic bacteria
were isolated most of them belonging to the genus Rhodococcus, able to selectivel}/
extract the sulfur atom from DBT molecule without degrading its carbon Skeleton!"'®.
Therefore, the energetic value of the fuels is not affected since DBT is not degraded
but only transformed into 2hydroxybiphenyl (2HBP). This product is recycled to the
organic phase constituted by the fuel itself, while the sulfur is eliminated in the form
of inorganic sulfate in the aqueous phase containing the biocatalyst (Fig. 8). The first
isolated and patented Rhodococcus strain, R. erythropolis IGTSS, is the basis of the
biodesulfurization process proposed by ENCHIRA Biotechnology Corporation
(ENBC), formerly Energy Biosystems Corporation (EBC)!"'®. The metabolic pathway
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for desulfurization has been elucidated and the enzymes and genes implicated have
been isolated'%129),

Other strains able to efficiently desulfurize substituted DBTs have been reported'?".
As in the case of HDS, substituted DBTs in positions 4 and 6 are the most difficult to
biodesulfurize due to steric hindrance!'??. Surprisingly, a Sphingomonas strain was
reported to desulfurize more efficiently the sterically hindered substituted DBTs than
DBT(123-125)

Biodesulfurization of middle distillates was reported using either wide-type or
genetically engineered Rhodococcus strains, and the extent of sulfur removal was
shown to be dependent on the reaction conditions and the initial sulfur content of the
fuel. For instance, the sulfur content of a middle distillate not HDS treated was
reduced from 20000 to 14000 ppmw using wild type Rhodococcus sp. strain ECRD-
1028 When the same strain was used to desulfurize a middle distillate already
treated by an aggressive HDS, the sulfur content was reduced from 669 to 56
ppmw'?"). Hydrogenation and hydrogenolysis (occurring during HDS) might facilitate
the oxidative pathways. The sulfur compounds left after HDS are less reactive toward
hydrogen, but probably they are more reactive toward oxygen, creating an
advantageous position for enzymatic catalysis compared to conventional HDS.

Three main factors have limited the implementation of the microbial desulfurization,
including the technology proposed by Energy Biosystems Co.: (1) the large amounts
of water necessary for the microbial metabolism; (2) the long residence time in the
process that makes the reactor volumes unthinkable, and (3) the limited microbial
metabolization on the large variety of chemical structures found in the organosulfur
compounds existing in the petroleum. None of these problems have been solved yet.

This limitation might be addressed by using enzymes instead of whole
microorganisms. Enzymes require less water than microorganisms to be active and
stable in organic solvents and, theoretically, only a film of water covering their
surface should be sufficient for catalysis to occur. The fuel itself could be the organic
solvent, minimizing the addition of water.

An enzymatic process for fuel desulfurization has been described'?®'?°). This method
is based on the biocatalytic oxidation of organosulfides and thiophenes contained in
the fuel with hemoproteins to form sulfoxides and suflones, followed by a distillation
step in which these oxidized compounds are removed from the fuel.

This enzymatic process could be applied after a conventional hydrodesulfurization
using a reactor with the immobilized enzyme. The challenge is still to have an
enzymatic preparation able to perform the sulfur oxidation directly in the petroleum
fraction without addition of water, and stable under the conditions found in the
refinery.
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5- PRE-FCC FEED HYDROTREATING AND LCO UNDERCUTTING:
5.1- Pre-FCC feed hydrotreating for sulfur reduction in LCO:

The diesel fuel is produced form several blending stocks, of which light cycle oil
(LCO) from FCC is a major blending stock that contributes to the sulfur in diesel pool.
Sulfur could be removed from distillate material early or late in the refining process.
Early in the process, the most practical place to remove sulfur is prior to the FCC
unit. The FCC unit primarily produces gasoline, but it also produces a significant
quantity of LCO. LCO is high in aromatics and sulfur, and contains a relatively high
fraction of the sterically hindered DBT-type compounds. Many refineries already have
an FCC feed hydrotreating unit; the LCO from these refineries could contain a much
lower concentration of stericallg/ hindered DBT compounds than refineries not
hydrotreating their FCC feed"*'"*"). Adding an FCC feed hydrotreating is much more
costly than distillate hydrotreating. Just on the basis of sulfur removal, FCC feed
hydrotreating is more costly than distillate hydrotreating, even considering the need
to reduce gasoline sulfur concentrations, as well. This is partly due to the fact that
FCC feed hydrotreating by itself is generally not capable of reducing the level of
diesel fuel sulfur to those being considered in this rule. However, FCC feed
hydrotreating provides other environmental and economic benefits.

FCC feed hydrotreating decreases the sulfur content of gasoline significantly, and
reduces sulfur oxide emissions from the FCC unit. Economically, it increases the
yield of relatively high value gasoline and LPG from the FCC unit and reduces the
formation of coke on the FCC catalyst. For individual refiners, these additional
benefits may offset enough of the cost of FCC hydrotreating. Fig. 9 depicts a
simplified representation of the combined FCC-feed hydrotreating and FCCU.
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Fig. 9: Simplified Flow Diagram of FCC Hydrotreater and FCCU

5.2- Undercutting LCO:

It is conceivable that the sulfur-rich fraction, if they have a narrow boiling range, could
be separated out in distillation operation. The primary stumbling block preventing the
simple desulfurization of distillate to sulfur levels meeting the 15ppmw cap is the
presence of sterically hindered compounds, particularly those with two methyl or
ethyl groups blocking the sulfur atom. These compounds are found in greatest
concentration in LCO, which itself is highly aromatic. These compounds can be
desulfurized readily if saturated. However, due to the much higher hydrogen cost of
doing so, it is better economically if this can be avoided. Because these compounds
are inherently large in molecular weights due to their chemical structure, they distill
near the high end of the diesel range of distillation temperatures. Thus, it is possible
to segregate these compounds from the rest of the cracked stocks via distillation and
avoid the need to desulfurize them. Once separated, this LCO material could be
mixed into the refinery streams currently being used to produce off-highway diesel
fuel and heating oil. While this heavy LCO material could be shifted to other markets,
this does not necessarily have to be the case. Under certain conditions, this material
can be cycled to the FCC unit®™9. For this to be feasible, the refiner must
hydrotreat the FCC feed at a pressure sufficient to desulfurize the sterically hindered
sulfur containing compounds and the feed hydrotreater must have sufficient excess
capability to handle the additional material. This material could be also be sent to an
existing hydrocracker, if sufficient capacity existed, and converted into gasoline
blend-stock. It could also be hydrotreated separately under more severe conditions to
remove the sulfur. This would entail higher hydrogen consumption per barrel of
treated material because of some aromatic saturation. However, the amount of
material being processed would be small®.
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6- FUTURE TRENDS:
6.1 — Synthetic fuel technologies:
6.1.1- Fischer — Tropsch Gas — To — Liquids (GTL):

Another source of low aromatic, high hydrogen content diesel is gas-to-liquids
conversion, an area receiving much interest recently““o). In this case, diesel is
derived from natural gas rather than petroleum in catalytic processing equipment
most likely located at a gas reserve rather than at a refinery.

An example of Fischer-Tropsch (F-T) diesel is that produced by the advanced gas
conversion process, AGC-21, developed by Exxon for converting natural gas to liquid
iso-paraffins virtually free of typical emission — causing impurities. The AGC-21
process, as shown in Fig. 10, comprises multiple new technologies within three main
process blocks: synthesis gas generation, hydrocarbon synthesis and
hydroisomerization. This process, which has been described previously*", first
brings about the conversion of natural gas or methane to hydrogen and carbon
monoxide. This is accomplished by contacting methane with steam and limited
oxygen in a catalyzed fluid bed reactor where steam reforming and catalytic partial
oxidation occur in a single vessel.

The hydrogen — carbon monoxide syngas is then converted almost exclusively to
linear paraffins in a novel slurry reactor using a high productively, cobalt based
hydrocarbon synthesis catalyst. These hydrocarbons are produced at high levels of
syngas conversion. The full-range, primarily normal paraffin product contains
significant 650°F + waxy material which is a solid at room temperature and melts
above 250°F and which is unsuitable for pipeling or transporting in conventional
crude carriers. The final step, accomplished with proprietary catalysts in a fixed or
trickele bed reactors, mildly isomerizes any normal paraffines to slightly branched
molecules which make excellent feeds for refineries and chemical plants. This step
along with hydrocarbon synthesis can be altered to control the selectivity and yield of
liquids from the process. An AGC-21 plant could be configured to produce a variety
of products; on scheme of particular interest produces only Iight, clean products with
diesel yield approaching 80% with the balance as naphtha!"*?. The AGC-21 process
is a good example for providing new options for meeting future clean fuels
requirements.
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Fig. 10: Exxon's AGC-21 Process
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6.1.2. Global biofuel developments:

Biodiesel is a renewable and biodegradable fuel refined from vegetable oil (or animal
fat). It is rapidly gaining momentum in the US as an alternative fuel source for diesel
engines. Compared to petroleum diesel, biodiesel is environmentally friendly and is
government mandated. It reduces carbon monoxide, carbon dioxide, sulfur
dioxide,hydrocarbons and other particulate matter emissions that cause respiratory
damage. Biodiesel also eliminates the cloud of dense, black smoke normally
associate with diesel vehicles. It also has better lubricity than diesel fuel because of
its higher viscosity. In addition,it represents a renewable source of energy.

Two processing routes for converting vegetable oil into diesel. The conventional
processing root for diesel production is via transesterification where a vegetable oil
or animal fat is reacted under heat with an alcohol, in the presence of a catalyst. The
chemical reaction products are an alkyl ester, commonly referred to as a biodiesel
and glycerol (Fig. 11). However, it must be emphasized that, even though the
transesterification process is relatively straight forward, homemade biodiesel is not
going to generate the highest-quality product, it will most probably contain impurities
like residual alcohol, moisture and unreacted vegetable oil.

The hydroprocessing route uses hydrogen to remove oxygen from the triglyceride
molecules"**'*Y_ This is the route used in the new process to produce green diesel.
While hydroprocessing was clearly the chemistry preferred for refinery applications,
how to implement it in a process design is not obvious. Two options can be
considered:

- Co-processing in an existing distillate hydroprocessing unit.
- Building a standalone unit as shown in Fig. 12.

In the process shown in Fig. 13, vegetable oil is combined with hydrogen, brought to
reaction temperature and then sent to the reactor where the vegetable oil is
converted to the green diesel product. This product is separated from the recycle gas
in the separator, and the liquid product is sent to a fractionation section.

Biodeisel and bioethanol based on seeds and fruits of plants alone are not capable of
meeting growing energy demand. For this purpose, second generation biofuels are
needed. These are made from feedstock based on the whole plant and biomass.
Experts believe that biomass could satisfy one-third of the world energy demand ).

By 2050, only about 50% of the energy will still originate from petroleum and natural
gas,the balance will proceed from the coal and, increasingly, from biomass (Fig. 14).
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6.1.2.1. Research advances in biofuel technology for military jets:

UOP L.L.C, a Honey well company, announced that it will accelerate research and
development on renewable energy technology to convert vegetable and algae oils
into military jet fuels. Advanced Research Projects Agency, is to develop and
commercialize a process to produce jet propellant 8 (JP-8) used by US and NATO
militaries. Fuel produced by the new process will have to meet stringent military
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specifications and is expected to achieve 90% energy efficiency for maximum
conversion of feed-to-fuel, reduced waste and lower production costs. (*°)

6.2. Desulfurization unit for fuel cell technologies:

Fuel cell technology is a new highly efficient alternative to fossil fuels for producing
electrical power while having the additional benefit of not polluting the environment.
Since fuel cells rely on chemistry and not combustion, emissions from this system
type are much smaller than emissions from the cleanest combustion processes. Fuel
cells work when electrochemical energy converts hydrogen (H2) and oxygen into
water, thus producing electricity. The proton exchange membrane (PEM) fuel cell has
the broadest application potential with fuel cell technologies and subject to extensive
research. However, H; is difficult to store and distribute due to diffusion problems and
explosion risks. Consequently, it is necessary to use a specialized high pressure
storage tank.

This problem is addressed by utilizing a reformer which turns hydrocarbon or alcohol
fuels into H,. The reformer extracts H, from Ha-rich fuels like methanol, natural gas,
petroleum, gasoline and even biogas or biodiesel, and directly feeds the H, gas to
fuel cell.

The core of the PEM fuel cell is the platinum ruthenium anode-catalyst (Fig. 15).
However, this is very sensitive to numerous impurities like sulfur and can be easily
damaged. Fuel cell longevity is mostly dependent on feedstock impurities. Thus, if H;
is to be produced from Hy-rich fuels using a reformer, the sulfur in the hydrocarbon
fuels must be removed from the feedstock extending the fuel cells life.
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Fig. 15: Proton exchange membrane (PEM) fuel cell

Recent developments have demonstrated that it is possible to make feedstock for
fuel cells practically sulfur-free by using a desulfurization unit. During this process
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stage, a total sulfur analyzer my be used to record sulfur concentrations in the
desulfurization units outlet stream over time, producing "breakthrough curves (Fig.
16). As a result of these measurements, the quality (residual sulfur) and capacity (life
cycle time) of the desulfurization unit are evaluated.

7- CONCLUSION:

Although the petroleum refining industry is very mature, ongoing changes in
legislative requirements and engine design will continue to challenge the industrial to
make changes in fuel composition. Significant advances in catalysis science and
technology will be needed to meet the challenge. This provides room to obtain
competitive advantage through the development of superior technology options and,
as a result, there is intense industrial activity to meet the clean fuels challenge of
providing cleaner fuels to the consumer from more difficult feedstocks at the lowest
cost.
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