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A Unique Way to Make Ultra Low Sulfur Diesel 
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Abs t rac t -SK Corporation has developed a new process, SK HDS Pretreatment process that enables the refiners to 
produce economically ulb-a-low-sulfur-diesel of bdow 10 ppm. This tectmology is based on the adsorptive removal 
of nitrogen containing compounds (NCC) from the feedstock to conventional hydrodesulfurization (HDS) units. The 
NCC is known to interfere with the activity of HDS catalysts. 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 desulfiarization 
in a convenlional HDS unit. It was found that the degree of improvemmt in HDS is plx)porEonal to the degree of NCC 
removal. SK HDS Pretreatment Process is a cost-effective method for refineries to choose for 10 ppm ULSD pro- 
duction. 
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I N T R O D U C T I O N  

Refiners in most paris of the world are facing the situation where 
they have to produce automotive diesel fuels with very low sulfur 
levels in the foreseeable future. For example, the member states of  
EU plan to implement 50 ppm sulfur diesel regulation from 2005, 
wtfile some of the states including Sweden, Finland, and Britain 
have already changed to ULSD of 50 ppm using tax benefit poli- 
cies. Furthermore, European Commission recently finalized its pro- 
posal to require all 15 members to ensure the market availability of 
a 10 ppm ULSD from January 1, 2005. According tothe proposal, 
Gemlany, Sweden, Finland must make a complete switch to 10 ppm 
ULSD before 2005. More member states are likely to adopt tax in- 
centives to spur the introduction of 10 ppm ULSD in advance of 
the 2011 deadline for 100% conversion. In the US, the Envirc~l- 
mental Protection Agency is in the process of setlmg the 10ppm 
ULSD specification starling in June 2006. In Jatxm, it is most likely 
to introduce 50 ppm IJLSD in metropolitan areas including Tokyo 
from early 2003, and to switch nationwide to 50 ppm sulfur regu- 
lation after 2004. In Korea, the regulation of sulfur content in auto- 
motive fuels is expected to be reduced significantly by 2005. Early 
introduction of ULSD with the sulfi~ content of 50 ppm or below 
in major cities is being discussed. 

With these ever tightening regulations on the sulfur content of 
diesel fuel, refining industries all tkave difficulty in producing or 
determining how to produce the fuels that will satisfy the regula- 
tious. Producing the 50ppm ULSD is already a big challenge for 
most of the refmelJes, an even bigger one would be to reduce the 
sulfur content of diesel fuel down to 10 ppm or below. It remains a 
hotly debated issue as to which technology to employ to produce 10 
ptml ULSD and how to make the fuel available to the market in lkne. 

At  the moment, 10 ppm ULSD is available only in some coun- 
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tries in Europe and California of the United States. As long as the 
sulfur content of virgin Light Gas Oil (LGO) remains below 2,000- 
3,000ppm, the conventional HDS processes can produce ULSD 
of 10-20 ppm, as is the case with BP's refineries in UK and Califor- 
nia [Energy Information Administration, 2001]. Another example 
of producing ULSD would be to employ SynTechnology TM to treat 
kerosene Or l ight  cut  LGO, as is done in a Swedish refinery [Eneigy 
Information Administration, 2001]. 

However, diesel fuel starting from low sulfur LGO or light fee& 
stock alone can not meet the demand in the market, and most of the 
demand remains to be met with fuels from high sulfur LGO which 
usually contains the sulfur in the lange of 10,000-15,000 ppm. Tim 
high sulfi~ LG�9 can not be treated in a single stage HDS unit to 
produce ULSD. Therefore, there still remains a strong demand for 
a process technology economically producing ULSD fi-onl high 
sulfur feedstock. 

A single stage hydrodesulfixrization (HDS) unit has been most 
commonly used to reduce sulfur content in diesel fuel into the cur- 
rent sulfur level of 500 ppm. However, enlarging the single stage 
reactor vdume, may not be a realistic option to produce 10ppm 
ULSD, because various contaminants, which inhibit the &sulfur- 

ization reaction, are not properly remove& Therefore, the most prac- 
tical method to produce 10 ppm ULSD is considered to be the two- 
stage deep desulfurization process [Energy Information Admin- 
istration, 2001]. In t t~  process, the sulfur levels are reduced down 
to around 250 ppm in the first stage and are fu l l e r  reduced down, 
after the hot gas that contains the inhibiting components are removed, 
to below 10 ptml in the second stage. In sonle cases, the fit-st stage 
could be an existing HDS unit with moderate modifications. 

However, to reduce the sulfur levels in the second stage to be- 
low 10 ppm, it requires nlUdl higher pressure, hydrogen to feed ratio, 
hydrogen purity and lower space velocity compared to the condi- 
tions used in most of the conventional HDS processes. If an exist- 
ing single stage HDS unit were to be converted to a two-stage pro- 
cess, an additional reactor bed and a hot gas stripper have to be in- 
stallec[ The additional reactor requires higher mechafical strength 
to accommodate the nmch more severe reaction conditions than is 
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required by the existing first stage reactor, which could increase 
the cost to refiners significantly. The severity of reaction cc~lditions 
also increases as the feedto& contains more cracked material and 
has a higher endpoint, requiring an even heavier reactor, which fur- 
ther increases the capital investment. Higher hydrogen-to-feed ratio, 
coupled with the fact that the hydrogen consumption rises in a non- 
linear fashion at lower product sulfur levels, could in many cases 
mean a new hydrogen plant has to be built, which also contributes 
to increase significarNy the capital inveslment and operational cost_ 

Many attempts have been made to address tile issue of produc- 
ing economically a 10 ppm ULSD. For example, S-zorb TM process, 
developed by Phillips to desulfitdze FCC gasoline, has extended 
its application to ULSD production [Greenwood, 2001]. This pro- 
cess employs adorption technology to reduce sulfur couteut with- 
out hydrogen consmnptioi1 Another example is biodesulfufization, 
which has been tested in the laboratories and pilot plants but has 
not shown its cost effectiveness in any commercial scale. Sulfur 
oxidation technology has been proposed as a method for produc- 
ing 10 ppm ULSD. Sulfur in the organic sulfur compound is con- 
verted in ffm technology to sulfone by peroxide added to the feed 
stock as an oxidant. 

SK Corporation has developed over the past few years a tmique 
technology, called SK HDS Pretre~nmt Process, to produce the 
10ppm IJLSD. The technology is based on the adorption tech- 
nique, and is designed to remove NCC from the feedto& to the 
HDS process to improve tile perfonnance of conventional HDS 
units, by removing effectively the components that inhibit the de- 
sulfulq_zation reaction in the HDS unit. The m~1 advantages o f t i~  
technology combined with the conventional HDS units, over two 
stage lIDS process, for producing 10 ppm ULSD are lower capital 
cost to install the unit, requirenmnt of lower pressure and terapera- 
rare, and consurnption of less hydrogert This paper describes the 
details of  the technical aspects of the process in the followings. 
1. SK HDS Pretreatment Process 

There are a variety of sulfur compound in middle distillate streams 
includkg mercaptans, sulfides, disulfides, ffliophenes, and bmzo- 
thiophenes. The types of sulfix species present in the feedtock be- 
ing processed, as well as the total sulfur have a large effect on the 
required severity and cc~lditions for a desired product sulfur con- 
tent. Analysis of hydrotreated straight mn and cracked samples in- 
dicates that alkylated dibenzofffiophenes (DBT), such as 4-methyl 
dibenzothiophene (4-MDBT) and 4,6-dimethyl dibenzothiophene 
(4,6-DMDBT), predominantly in the 330 to 380 ~ boiling range, 
are tile most difficult species to remove and make up raost of the 
sulfur compound [Knudsen et al., 2000]. 

There are two diff~reut reaction pathways for removal of the alkyl- 
substituted derivatives of dibenzothiophene: one is the direct sulfiw 
exlraction pathway, which is mainly inhibited by hydrogen sulfide, 
and tile other being hydrogenation pathway, whirl1 is mainly in- 
hibited by nitrogen-containing compound (NCC). For non-refrac- 
tive sulfur compound, the intrinsic reactivity of sulfix removal via 
the dkect extraction route is much higher than via tile hydrogena- 
tion route. For most of the refi-acfive sulfur compaund, the intrinsic 
reactivity is higher via the hydrogenation route than via the direct 
exlraction route [Knudsen et al., 2000; Satteffield et al., 1975; Looif 
et al., 1998; Min et al., 1999]. 

Although lefia~toIy types take up only small part of total sulfur 
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Fig. 1. Relationship of SK HDS pretl~eatment process to existing 
HDS unit. 

compound, they are most difficult to be converted by hydrogena- 
tion because they have to compete with NCC for active sites of cat- 
alysts for hydrogenation and the NCC has generally higher adorp- 
tivity comlmred to refi-actory compotmd. As a result, refi-actory com- 
pound are deprived of the chance to take up the active sites to be 
hydrogenated. Fulthelmore, denibification reaction is slower than 
desulfurization reaction, thus the NCC resides on the active sites 
longer than the sulfur compound, which also make the refractory 
sulfur conlpounds difficult to convert. 

Based on this observation, SK Corporation has focussed on de- 
veloping technologies to remove the NCC fi-om feedtock to HDS 
unit and found a proprietary adorbent works well for this purpose. 
The SK HDS Pretreatment Process is a unique adsorption process 
to remove the NCC fi-onl the feed to HDS unit by making it, to- 
gether with several k ind of polar compound, adsorbed on a pro- 
prietary adsorbent and removed in the later stage from the adsor- 
bent in a liquid-phase clesc~ptic~l step. As sudl, SK HDS Pretreat- 
ment Process is intended to be employed as a supplementary unit 
for the existitg HI) S unit, as shown in Fig. 1. As most of tile NCC 
and some of the undesirable polar compound are removed, the con- 
version is much improved in lIDS rail: The improvement is enough 
to make 10ppra ULSD if a catalyst with reasonably high activity 
is used inHDS unit. 

The by-product of SK HDS Pretreatrnent Process typ ic@ with 
a yield of 2%, comprises a large quantity of polar compound hav- 
ing such fimctional groups as -COOH (naphthenic acid), -OH (phe- 
nols), -N (pyfidines) and -NH (pyn-oles), higher beizzologue sulfur 
compound than dibenzothiophenes, plus s~u-ated hydrocarbons 
and aromatic compound. Depending on the kinds of feedtock and 
yield, tim by-product has different physical properties mid chemi- 
cal composition. 

The composition of by-product, rejected fi-onl straight run LGO, 
has been investigated by employing various analysis techniques, 
including FT-IR and FD-MS. The result shows that the NCC is in- 
deed heavily accumulated in the by-product which consists of about 
8% of total NCC, out of which 4.3% is basic NCC smh as quinoline 
and the rest being non-basic NCC, such as indoles and carbazoles. 
It also contains 3.4% of naphthenic acid, with the balance being 
feedtock, LGO, in the higher boiling rarge [Min et al., 2001]. Thus 
by-product can conve~fientiy be blended into tfigh-sulfu diesel fuels 
or heavy fuel oils. 
2. Advantages and Characteristics 
2-1. NCC Removal Versus HDS Improvement 

To determine the benefit of removal of NCC from the feedtock 
for HDS perfonnance, tests have been camed out with a pilot scale 
HDS tnit. Feed is a high sulfur LGO containing 1.34% of sulfur 
and total nitrogen content is 200 ppm. The pilot unit has been op- 
erated at the cc~ldifious represe~ltative of those of or(_[illaIy HDS unit. 

July, 2002 
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Fig. 2. The effect of feed nitrogen content on HDS efficiency (Fig- 
ures in file graph refer to nitrogen content in the feed, in 
wt. ppm). 

Fig. 2 shows the effect of both reaction temperature and feed mb-o- 
gen content on product sulfur levels. It shows that the desulfuliza- 
tion is significantly improved at all reaction temperatures as the feed 
nitrogen content decreases. For example, at the same reaction tem- 
perature of around 354 ~ the product sulfur con~lt is reduecd fionl 
around 120 ppm to below 20 ppm, as the feed nitrogen content is 
reduced fi-oln the original value of 200 to 50 ppln. 

Fig, 3 shows the chromatograms of four streams; LG�9 as a base 
feedstock, LCJO treated for NCC removal, HDS product of utmeated 
LGO, and HDS product of treated LGO. This figure explains how 
SK HDS Pretreatment Process works to assist HDS urdts dramati- 
cally improve its corrvmsim efficiency. Comparison of the top two 
chiolnatogralns tells as if]at pl~b-eatmmt of base LGO, orthe removal 
of polar compounds alone, brings about no appreciable change m 
total s u l k  cmtmt and distribution of the sulfur contaitmg coin- 
pounds. Third chromatogram represents the typical change in total 
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Fig. 3. Sulfur Species Analysis by GC-AED. 

a m o u n t  and distribution of sulfurous s1:ecies when the feed is treated 
in HDS process. Total amount of sulfiK has been drastically reduced 
and the distribution of sulfurous species has also been changed as a 
result of HDS reactioi1 However, the refi-acto G sulfui; typically 
4,6-DMDBT, still remains in significant amount. The f o ~  chro- 
nmtogI'am shows that most of tile sulfurous species, including 4,6- 
DMDBT, has been almost completely converted, indicating the po- 
tmtial benefit of the NCC removal technology adopted in SK HI)S 
Pretreatment Process for improved perfonnance of existkg HDS 
u n i t ,  

The benefit of removal of NCC can also be assessed mtemls of 
reaction telnperatta-e gain, which is defined as the degree of reduc- 
tion in reaction temperature achieved with the relnoval of NCC in 
getting the same s u l k  content level in the product with the same 
untreated base feedstock. Fig. 4 shows how reaction tempera~]re 
gain chmges accor&g to the chmge in feed mtrogen conte~lt as 
well as tageted product sulfur level. As the talget sulfur level de- 
creases, the reaction tempem~re gain increases logarithmically. Also 
shown m this graph is that the reaction temperature gain increases 
significantly as the nitrogen removal ratio (NRR) increases. For ex- 
ample, with the target sulfur level of 50 ppln, the reaction tempera- 
ture gain could be as nmch as 24 ~ when about 80% of mtrogen 
is removed from the feed If the demand becomes stronger to reduce 
the sulfur content in the fuel furthel; for example to 10 ptml, the 
reaction temperattae gain is even ttighel, about 30 ~ Tt~ graph 
clearly demonstrates that as the regulation on sulfur content becomes 
more stdtgent, SK HDS Pretrealment Process would become ever 
more effective tool for refiners to choose from to comply with the 
regulation. 

The relationship between NCX2 removal and HDS gain, as defined 
below, is presented in Fig. 5. 

HDS g a i ~ l  (product sulfur for pretreated feed/ 
prodnct sulfur for base feed) 

40 

p 30 .. 

"~ 79 s 

2o 

E 

t -  
O 

n~ 10  .... 

0 V 
1 0 0 0 0  t 0 0 0  1 0 0  50 1 0  

Targat Product Sulfur, wt ppm 

Fig. 4. Effect of NRR on reaction temperature gain at various 
pl~)duct sulfur levels (Figm~es in the graph refer to NRR, 
% ) .  
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Fig. 5. Effect of NRR on HDS gain. 

Tests have been conducted with CoMo type HDS catalysts at 
bed average temperature of 360 ~ and the HDS gain is found to 
be linearly correlated with NRR. The linear relationship appears 
to be not affected too much by the kinds of s h - a i g h t - l u r :  LGO and 
change in operating conditions of  pressure and temperature. 
2-2. Cases SK HDS Pretreabnent Process Can Best Serve 

Many of the existing low pressure HDS units operating in the 
range of 40 bar or below can be revamped to produce the product 
that meets the low sulfur diesel regulation at around 500 ppm, by 
increasing the severity of operation conditions. However, produc- 
ing ULSD of 10ppm sulfur levels by revamping these traits is not 
a realistic optiorL All the current available technologies require op- 

I00 

eration pressures significantly higher than the designed maximum 
allowable pressure of the exismg uttits to produce 10 ppm ULSD. 
SK HDS Pretreatment process could be a good solution in this situa- 
tion where the refmers can not increase the operation pressure sig- 
:tificantly in their HDS units. SK's Process allows low pressure op- 
eration to produce 10ppm l JLSD. Fig. 6 shows the potential of SK's 
Process to produce 10 ppm ULSD even at low pressure HDS uttit. 
If NRR is more than 90%, which is not a challenge at all for SK 
HDS Pretreatmeut Process, 10 ppm ULSD can be readily produced 
fi-om LGO's with the endpoint of 360 ~ at tt:e hydrogen l:artial 
pressure of as low as 30 bar, equivalent to total pressure of about 
40 bar. It only requires the advanced catalysts in HDS units, oper- 
ated at reaction temperature of about 360 ~ and LHSV of 2 per 

h o u r .  

The effectiveness of employing SK HDS Preb-eabnent Process m 
improving the HDS performance is not limited to the above men- 
tioned quality of LGO's. It can be easily applied for LCTO with higher 
endpoint of 390 ~ with tt:e modern }{DS units designed to oper- 
ate at higher pressure of about 50 bar. Fig. 7 shows that, when ni- 
b-ogen m the feed is relnoved by 75% or more, 10 ppm ULSD can 
be produced from LGO with the endpoint of 394 ~ without the 
need to increase the reaction temperature above 380 ~ the tem- 
perature where tt:e thennal cracking starLs to be significant. In fact, 
10 ppm has been achieved at much lower temperature of 360 ~ in 
this case. It requires the similar operation conditions and catalyst, 
just except the higher pressure than is required for LGO's with tt:e 
endpoint of 360 ~ 
2-3. Poly-A:-olnatics Reduction 

Besides sulfur, it has long been disputed whether the aromatics 
content should be a part of the quality standards of diesel fuel. Nev- 
ertheless, automotive diesel fuels with low aromatic content are al- 
ready manufactured and sold regionally in the United States and 
N o , h e m  Europe. 

Ithas been observed that the removal of NCC also affects on poly- 
aromatics content of l iDS product Fig. 8 shows there is no differ- 
ence m total aromatics cc~:te~ between the products fic~n base 
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feedstock and feedstock pretreated to remove NCC. However, all 
appreciable difference in poly-arolnatics cont~lts is observed, as 
shown in Fig. 9, between tile products from treated and untreated 
feedstocks. With treated feedstock of 75% NRR, the poly-aromat- 
ics content renlains unchanged at different product sulfu levels and 
lower than that of untreated feedstock. With untreated feedstock, 
as the reaction temperature increases, as reflected in the decrease in 
the prcduet sulfilr level, the poly-aromatics are sa0arated and its 
content drops. However, as the reaction temperature increases fur- 
ther as to give rise to product sulfur level of around 100ppm, the 
poly-aronlatics content stops to decrease a id  at tile reaction teln- 
peraure corresponding to 10ppm sulfur, the content increases, sug- 

gesting die condensation reaction becomes significant. 
2-4. Characteristics of SK lIDS Pretreatment Process 

Tile other fcatures of tile SK HDS Pretreatnlent Process are listed 
as follows: 

�9 No or ininimum modification to tile existing HDS unit 
�9 No restriction for SK process location within the refinery 
�9 No or rainimtal downtime required for tile existing HDS unit 
�9 Mild opea-ating conditions: ambient temperature and low pres- 

sure is required 
�9 Lower hydrogen coilsumption rate tilai1 for tile case of HDS 

catalyst volume increase at tile same sulfur level, because other hy- 
dI~gen consunling corapounds sueh as poly-aroraatics, oxygen-con- 
taining Conlpounds are removed together with NCC fi-Oli1 die feed 
to HD S unit. 

�9 Lighter product color and better color stability 
3. Economics  

Basic engineering design package of SK lIDS Pretreatment Pro- 
cess for commercial unit of 1(i),000 barrels per day capacity has been 
completed and the demonstration plant is being built in one of SK's 
reflneiies, scheduled to be ol2erational fiora July 2002. This design 
package includes tile units for stealn stripping and fired hcater for 
solvent recovery. 

Total invesmlent cost of SK process is estilnated US$18.2MM 
as of first quarter ofycar 2001, based Oil tile capacity of 30,000 bar- 
rels per stream day, US Gulf Coast Only minor modifications are 
required for tile existing HDS unit to instal SK Pretreatnlent Pro- 
cess upstream of lIDS unit. Approximate cost of mcx:lification is 
estimated about $1.5MM for a 30,000 ban-els per stream day unit. 

The total utility constalption of SK's Process for tile case of 
steam stripping for solvent recovery is shown in Table 1. 

Tile adsorbalt is expected to last two years with little or no losses. 
Tile predicted adsorbe~lt cost is $0.10 per barrel of chalge regard- 
less of unit capacity. Solvent losses are in tile iange of about $0.02 
per ban-el of feed. 

C O N C L U S I O N  

SK Corporation has developed a new process, SK HDS Pre- 
tleatlneiit Process, to a&h~ss tile issue of producing in a cost-ef- 
fe~ve  manner the diesel fuels that meet the severe regulations on 
sulfi~- content. Cost effective prcxtuctic~l of 10ppm ULSD is expected 
by using tilis p rebe~n~l t  process installed upstrcain of an existing 
HDS unit. Main advantages of coupling the SK HDS Pretreallnent 
Process with tile existing HDS units to produce 10 ppln ULSD are 
listed as follows: 

1. Allows file operation of l iDS ta i t  at lower ~nperatare by more 
than 20 ~ for the same level of produet sulfur content 

2. Allows tile operation of l iDS trait at lower pressure and accepts 

Table 1. Utility consumption (Steam Stripping Case, per Banal 
of Feed) 

Steam 0.03 Toil 

Cooling water 1.8 Ton 
Electricity 0.5 kW 

Korean J. Chem. Eng~0foL 19, No. 4) 
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heavier distillation rarlge of feedstock than conventional HDS ap- 
proack 

3. Requires no or minimum modification of exislmg HDS units. 
4. Causes virtually no downtime for HDS unit. 
5. Requires redueed hy&-ogen consumption by about 10%, com- 

pared to simple reactor volume increase for the same product sul- 
fur level of 50 ppm. 

6. Reduces poly-aromatics content by up to 1% point 
7. Improves color and storage stability of HDS product. 
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