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PROCESS FOR REMOVING LOW AMOUNTS OF 
ORGANIC SULFUR FROM HYDROCARBON 

FUELS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of previ 
ously ?led US. patent application Ser. No. 09/654,016 ?led 
on Sep. 1, 2000. 

FEDERALLY SPONSORED RESEARCH 
STATEMENT 

[0002] Not applicable. 

FIELD OF THE INVENTION 

[0003] This invention relates to a process for the removal 
of organic sulfur compounds by oxidation from hydrocarbon 
fuels Which have relatively loW amounts of sulfur present. 

BACKGROUND OF THE INVENTION 

[0004] The presence of sulfur in hydrocarbons has long 
been a signi?cant problem from the exploration, production, 
transportation, and re?ning all the Way to the consumption 
of hydrocarbons as a fuel. As government regulations 
throughout the World increasingly restrict sulfur levels in 
fuels, the problem of sulfur reduction is being felt by 
producers, re?ners, transporters and marketers of the full 
range of fuel products, from gasoline and diesel fuel to jet 
fuel, kerosene, heating oil and heavier fuels. In Western 
Europe, North America, Japan and other industrial nations 
the sulfur restrictions on gasoline and on-highWay diesel 
fuel are moving to the ultra-loW levels of 30, 15 or even 10 
ppm. Consequently, producers, re?ners and marketers are 
seeking loW-cost technologies for producing ultra-loW sulfur 
products, With maximum use of existing facilities. 

[0005] Sulfur can be found in almost any stream Within a 
re?nery complex. This is due to the sulfur in the crude oil to 
be processed. The process technology for removing sulfur 
that is in almost universal use today is hydrotreating, some 
times referred to as hydrodesulfuriZation. Hydrotreating, as 
used herein, is a process Whose primary purpose is to reduce 
the sulfur and/or nitrogen content (and not to change the 
boiling range) of the feed. While there are many variations 
and improvements, this technology requires high tempera 
ture and pressure in a hydrogen environment and employs 
advanced catalysts. This process successfully removes the 
majority of the sulfur compounds in hydrocarbons. HoW 
ever, the substituted thiophenes, especially those having 
steric hindrance of the sulfur, are particularly dif?cult and 
require high severity hydrotreaters having pressures Well in 
excess of 500 psi. Achieving ultra-loW sulfur levels requires 
that most of these dif?cult-to-hydrotreat compounds be 
removed, Which could drive many re?ners to install neW 
hydrotreaters or carry out expensive revamps of their exist 
ing hydrotreaters. Gasoline fractions Will contain mainly 
thiophenes and some benZothiophenes but generally little or 
no dibenZothiophenes. Diesel fractions Will contain mainly 
benZothiophenes and dibenZothiophenes. 

[0006] The prior art is replete With attempts to reduce the 
sulfur content of hydrocarbon by both reduction and oxida 
tion of organic sulfur present. Much of this prior art relating 
to oxidation has taught the use of various peroxides in 
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conjunction With a carboxylic acid and, speci?cally, the 
preferred species involved in the practice of this invention; 
i.e., hydrogen peroxide and formic acid. For example, US. 
Pat. No. 5,310,479 teaches the use of formic acid and 
hydrogen peroxide to oxidiZe sulfur compounds in crude oil, 
limiting the application of the technology only to aliphatic 
sulfur compounds. There Was no hint of the removal of 
aromatic sulfur compounds. This patent discussion is 
directed to the removal of sulfur from crude oil rich (about 
1-4%) in sulfur compounds. The acid to peroxide ratio Was 
indiscriminately broad and failed to recogniZe the economic 
disadvantages to using hydrogen peroxide in attempts to 
remove large amounts of sulfur, While at the same time 
failing to recogniZe the importance of controlling the pres 
ence of Water to the successful operation. Water Was used to 
extract the sulfones from the treated hydrocarbon in a 
separate Wash step. Further, the prior art also fails to 
recogniZe the bene?cial effect of limiting the peroxide 
concentration to loW values Without compromising either the 
rate or extent of oxidation of the sulfur compounds. 

[0007] A recent study entitled “Oxidated DesulfuriZation 
of Oils by Hydrogen Peroxide and Heteropolyanion Cata 
lyst,” Collins, et al., published Journal ofMolecular Cataly 
sisA: Chemical, 117 (1997) 397-403, discusses other studies 
to oxidatively remove sulfur from fuel oil, but large quan 
tities of hydrogen peroxide Were required. HoWever, the 
experimental Work did shoW that unacceptable amounts of 
hydrogen peroxide Were consumed thus suggesting the cost 
of oxidative reduction of sulfur in feedstocks for diesel fuel 
to be impermissibly high. 

[0008] In European Patent Application Publication No. 
0565324A1, a method for recovering organic sulfur com 
pounds from liquid oil is described. While the stated objec 
tive of the patent publication is to recover the organic sulfur 
compounds, the treatment involves using a mixture of a 
number of oxidants, one of Which is disclosed as a mixture 
of formic acid and peroxide. The distillation products, the 
organic sulfones, are removed by a number of methods 
including absorption on alumina or silica adsorbent materi 
als. The treatments described are characteriZed by use of a 
loW ratio of formic acid to the hydrogen peroxide. 

[0009] While this and other prior art recogniZe the reaction 
kinetics and mechanism of hydrogen peroxide and other 
peroxides With organic sulfur compounds present in various 
fuels, none recogniZe the combination of factors necessary 
to successfully and economically remove relatively small 
amounts of sulfur present in fuels such as diesel oil, kero 
sine, gasoline, and light oils doWn to residual levels 
approaching Zero. While loW amounts of sulfur Will be 
construed to mean in the context of this invention, those 
amounts Which are less than about 1500 parts per million, an 
example demonstrates effective removal of 7000 ppm of 
sulfur such that the present invention is applicable to higher 
levels of sulfur. Of course in some instances, the practice of 
this invention may be economically and technically appli 
cable to the treatment of fuels having a sulfur content at 
these elevated levels. It has been found in the practice of this 
invention that the sulfur content of the fuel Which is left 
unoxidiZed is less than about 10 ppm of sulfur, often as loW 
as about 2 ppm to about 8 ppm. Oxidation alone does not 
necessarily ensure total removal of the sulfur to the same 
loW residual sulfur values since some of the oxidiZed sulfur 
species do have a non-Zero solubility in the fuel, and a 
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partition coef?cient that de?nes their distribution in the oil 
phase in contact With a substantially immiscible solvent 
phase, Whether it is an organic solvent as in prior art, or the 
high acid aqueous phase of this invention. In addition to the 
substantially complete and rapid oxidation of the relatively 
loW amounts of sulfur in the fuel feed, the present invention 
also teaches the substantially complete removal of the 
oxidiZed sulfur to residual levels approaching Zero, and the 
recovery of the oxidiZed sulfur compounds in a form suit 
able for their practical further disposition in an environmen 
tally benign Way. Removal of sulfur by oxidation adds 
another dimension in that it is desirable that such removal of 
sulfur be accomplished, Without reducing the octane rating 
of the gasoline, Whether it be motor, racing or aviation 
gasoline. This object is accomplished by the present inven 
tion. 

[0010] In an article, DesulfuriZation by Selective Oxida 
tion and Extraction of Sulfur-Containing Compounds to 
Economically Achieve Ultra-LoW Proposed Diesel Fuel 
Sulfur Requirements (Chapados, et al., NPRA Presentation, 
Mar. 26-28, 2000) the oxidation step involved the reaction of 
the sulfur in a model compound using dibenZothiophene 
With a peroxyacetic acid catalyst made from acetic acid and 
hydrogen peroxide. The reaction With the peroxyacid Was 
conducted at less than 100° C. at atmospheric pressure and 
in less than 25 minutes. After extraction, the process resulted 
in a reduction of the sulfur content in the diesel fuel. Still, 
the cost Was indicated to be high With the hydrogen peroxide 
being the biggest cost item and consumed in the process due 
in large part to the lack of recognition of the part excessive 
Water plays in the ef?cient utiliZation of loW amounts of 
hydrogen peroxide. 

SUMMARY OF THE INVENTION 

[0011] It has been discovered that fuel products, such as 
gasoline and diesel fuel, though meeting the present require 
ments of about 500 ppm maximum sulfur content, can be 
economically treated to reduce the sulfur content to an 
amount of from about 5 to about 15 ppm, in some instances 
even less and not diminish the octane rating of the fuel 
product. In practicing the process of the present invention 
the hydrocarbon fuel containing loW amounts of organic 
sulfur compounds, i.e., up to about 1500 ppm, is treated by 
contacting the sulfur-containing fuel With an oxidiZing solu 
tion containing hydrogen peroxide, formic acid, and a limit 
of a maximum of about 25 percent Water. The amount of the 
hydrogen peroxide in the oxidiZing solution is greater than 
about tWo times the stochiometric amount of peroxide 
necessary to react With the sulfur in the hydrocarbon fuel. 
The oxidiZing solution used contains hydrogen peroxide at 
loW concentration, the concentration, in its broadest sense, 
being from about 0.5 Wt % to about 4 Wt %. The reaction is 
carried out at a temperature ranging from about 50° C. to 
about 130° C., a pressure ranging from about 15 psi to about 
250 psi, for less than about 15 minutes contact time at 
optimum conditions. The elevated pressure is to due to the 
volatility of the feed stream. The total pressure of the 
reaction Will be dependent upon the partial vapor pressures 
of hydrocarbon, formic acid, hydrogen peroxide, and Water 
at the selected operating temperature, plus additional pres 
sure from any additional inert gas. The partial vapor pressure 
contribution from a naphtha at 95° C. Will be about 25 psi. 
The partial vapor pressure contribution of a diesel at 95° C. 
Will be nil. The oxidiZing solution of the invention has, not 
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only a loW amount of Water, but small amounts of hydrogen 
peroxide With the formic acid being the largest constituent. 
Some of the oxidation products, usually the corresponding 
organic sulfones, become soluble in the oxidiZing solution 
and, therefore, may be removed from the oxidiZed fuel by a 
subsequent phase separation step. The aqueous phase is 
removed from the hydrocarbon phase noW having a reduced 
sulfur content. Depending on the solubility of the sulfones, 
some sulfones may be left in the hydrocarbon phase. Where 
there is a residual amount of oxidiZed sulfur compounds, 
usually sulfones, in the hydrocarbon fuel, this invention 
enables the practical and economic use of additional sepa 
ration steps to remove the sulfones from the hydrocarbon 
fuel. Sulfones may be removed by selected solid adsorbants 
such as, for example, in a cyclic adsorption-desorption 
operation to achieve a substantially sulfur-free hydrocarbon 
fuel product. The adsorption-desorption operation also 
recovers the oxidiZed sulfur compounds in a concentrated 
form, practical for their ?nal, environmentally benign, dis 
position Within a re?nery. It is another object of the inven 
tion that the fuel goes through this oxidation process While 
leaving undisturbed the carbon to hydrogen ratio and the 
ole?ninc compounds Which contribute to the octane rating of 
the hydrocarbon fuel. Octane rating is the resistance of the 
hydrocarbon fuel to burn. The higher the rating, the sloWer 
the burn When ignited during the compression burn cycle of 
the piston. Higher octane alloWs for better control of burning 
for high compression engines. 
[0012] Once the extract containing the oxidiZed sulfur 
compounds is separated from the desulfuriZed hydrocarbon 
fuel, or raf?nate, the extract can be treated to recover the acid 
for recycle. The separation betWeen the hydrocarbon phase 
and the aqueous phase can be accomplished in a number of 
Ways, but the preferred separation occurs by the use of a 
liquid-liquid separator operated at a temperature suf?ciently 
high, close to the oxidation reaction temperature, to result in 
gravity separation of the material Without the appearance of 
a third, precipitated solid phase. The aqueous phase, of 
course, being heavier than the hydrocarbon phase Would be 
drained from the bottom of the separation device Where it 
may be preferably mixed With a suitable high boiling range 
re?nery stream, such as for example, a light gas oil, and ?ash 
distilled to remove the Water and acid overhead While 
transferring and leaving the sulfur-containing compounds in 
the gasoil stream exiting at the bottom of the distillation 
column. The overhead stream containing acid and Water 
from the ?ash distillation toWer is further distilled in a 
separate column to remove a portion of its Water for dis 
posal. The acid recovered can then be returned to the 
oxidiZing solution make up tank Where it is combined With 
the hydrogen peroxide to form the oxidiZing solution and 
again contact the sulfur-containing fuel feed. This preserva 
tion of the acid enhances the economics of the process of this 
invention. 

[0013] After separation, the hydrocarbon fuel may be 
contacted With a caustic solution, or With anhydrous calcium 
oxide (i.e., quicklime) and/or passed through ?ltering 
devices to neutraliZe any trace acid remaining and to make 
a ?nal dehydration of the hydrocarbon fuel. The hydrocar 
bon fuel may then be passed over a solid alumina bed, at 
ambient temperature, to adsorb the residual oxidiZed sulfur 
compounds soluble in the hydrocarbon fuel, if any are 
present. The hydrocarbon fuel product is noW substantially 
desulfuriZed, neutraliZed, and dry. 
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[0014] The oxidized sulfur compounds adsorbed on alu 
mina may be removed by desorption and solubiliZation into 
a suitable hot polar solvent, methanol being the preferred 
solvent. Other suitable solvents are acetone, THF (tetrahy 
drofuran), acetonitrile, chlorinated solvents such as methyl 
ene chloride as Well as the aqueous oxidiZer solution With 
high acid contents of this invention. One advantage of the 
adsorption/desorption system of this invention is that it can 
use commerically-available alumina adsorbants that are 
used in multiple cycles Without signi?cant loss of activity 
and Without the need to reactivate them by conventionally 
employed high temperature treatment for dehydration. The 
extracted oxidiZed sulfur compounds are transferred into 
higher boiling re?nery streams for further disposition by 
?ash distillation, Which also recovers the methanol for 
recycle in the alumina desorption operation. 

[0015] The oxidiZing solution of the invention is prefer 
ably formed by mixing a commercially-available 96 Wt %, 
by Weight, formic acid solution With a commercially-avail 
able hydrogen peroxide solution normally the 30 Wt %, 35 
Wt % and 50 Wt % concentration commercially available in 
order to avoid the dangers connected With handling a 70 Wt 
% hydrogen peroxide solution in a re?nery environment. 
The solutions are mixed to result in an oxidiZing material 
containing from about 0.5 to about 4 Wt % hydrogen 
peroxide, less than 25 Wt % Water With the balance being 
formic acid. The Water in the oxidiZer/extractor solution 
normally comes from tWo sources, the dilution Water in the 
peroxide and acid solutions used, and the Water in the 
recycled formic acid Which includes part of the Water 
formed in the oxidation reaction, When the process operates 
in the recycle mode. On occasion, additional Water could be 
added Without being detrimental to the practice of this 
invention as long as the criteria explained herein are con 
sidered, but it is important to an economical process to keep 
the Water content loW as set forth herein. The preferable 
concentration of hydrogen peroxide, Which is consumed in 
the reaction, in the oxidiZer solution Would be from about 
1% to about 3% by Weight, and most preferably from 2 to 
3 Wt %. The Water content Would be limited to less than 
about 25 Wt %, but preferably betWeen about 8 and about 
20%, and most preferably from about 8 to about 14 Wt %. 
The oxidation/extraction solution used in the practice of this 
invention Will contain from about 75 Wt % to about 92 Wt % 
of carboxylic acid, preferably formic acid, and preferably 79 
Wt % to about 89 Wt % formic acid. The molar ratio of acid, 
preferably formic acid, to hydrogen peroxide useful in the 
practice of this invention is at least about 11 to 1 and from 
about 12 to 1 to about 70 to 1 in the broad sense, preferably 
from about 20 to 1 to about 60 to 1. 

[0016] This Will accomplish a rapid and complete oxida 
tion of the sulfur compounds, and their substantial extraction 
from such re?ned products as diesel fuel, jet fuel, or gaso 
line, Whether motor, racing or aviation gasoline, Which 
contain from about 30 to about 1500 ppm sulfur and Will 
perform effectively to oxidiZe and extract organic sulfur 
present in fuels at greater concentrations. Since the moles of 
hydrogen peroxide to be used is proportional to the amount 
of sulfur present and since the peroxide is consumed, the 
cost of this material can have a negative effect on the 
economics of the operation if the amount of sulfur present is 
high. Therefore, this invention is properly most useful for 
polishing small amounts of sulfur, such as for example less 
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than about 1500 ppm, from hydrocarbon fuels ready for 
market than for removal of sulfur from crude oil containing 
gross amounts of sulfur. 

[0017] In the oxidation of organic sulfur compounds using 
hydrogen peroxide, the stochiometric reaction ratio is tWo 
moles of the hydrogen peroxide consumed per mole of 
sulfur reacted. In the practice of this invention the amount of 
oxidiZing solution used should be such that it contains at 
least about tWo times the stochiometric amount to react the 
sulfur present in the fuel, preferably from about tWo to about 
four times. Greater amounts could be used, but only at 
increased cost since it has been found that improvement of 
sulfur oxidation is marginal at best When the amount is 
greater than four times the amount needed. Furthermore, to 
minimiZe peroxide losses by decomposition side reactions, 
the hydrogen peroxide concentrations in the oxidiZer com 
position of this invention are preferably adjusted at loW 
levels about 0.5 Wt % to about 4 Wt %. At these levels and 
the reaction temperature of about 95° C. and a pressure of 
about 15 to about 250 psi, depending upon the hydrocarbon 
involved it has been discovered that the rapid and complete 
oxidation, and extraction, of the sulfur compounds from 
hydrocarbon feeds of relatively loW sulfur content, compete 
favorably With the side reaction of peroxide decomposition, 
resulting in a practical and economic process for desulfur 
iZation of such fuels. 

[0018] By limiting the Water and hydrogen peroxide 
present and the reaction conditions of this invention, a 
practical process results With almost complete oxidation of 
organic sulfur compounds at high rates, With loW peroxide 
concentrations, at relatively small peroxide excess over the 
stoichiometric requirement, and on feeds With relatively loW 
sulfur content; all of these conditions being recogniZed in 
the art as kinetically unfavorable conditions. In addition to 
this unexpected result, it is accomplished With little loss of 
the expensive hydrogen peroxide to expected side reactions 
of self decomposition, or With other hydrocarbon species. 

[0019] While the folloWing invention is described in some 
detail, it must be understood by those skilled in the art that 
there is no intention on the part of the inventors hereof to 
abandon any part of the concepts of this invention With 
respect to the reduction of the organic sulfur in fuels and 
light oils. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 shoWs a schematic ?oW sheet of the pre 
ferred process of the instant invention Wherein the sulfur 
removal is accomplished by the oxidation/extraction step 
alone. 

[0021] FIG. 2 is an alternative schematic ?oW sheet 
shoWing a preferred processing sequence for the additional 
removal of sulfur oxidation products Which are soluble in 
the hydrocarbon fuel. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] The invention summariZed above Will be more 
completely described as set forth hereinafter. The process of 
this invention surprisingly oxidiZes, almost quantitatively, 
organic sulfur compounds When polishing commercial die 
sel fuel, gasoline, kerosene, and other light hydrocarbons 
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Which have been re?ned, normally after a hydrogenation 
step in a hydrotreater Where sulfur compounds are reduced 
and removed leaving a small number of sulfur species Which 
are hydrogenated only With considerable dif?culty. The 
hydrocarbon stream may also be a straight-run fuel from the 
crude distillation toWer, atmospheric or vacuum. Also, the 
process of this invention has almost no effect on other 
molecular species present in the hydrocarbon. Because there 
is little or no oxidation of ole?ns present, the oxidation 
reaction does not diminish the octane rating of the hydro 
carbon. While the oxidation reaction of organic sulfur com 
pounds With hydrogen peroxide and formic acid itself is 
Well-known, the complete, almost quantitative, oxidation of 
the sulfur in hydrocarbons containing a small amount of 
organic sulfur is not knoWn. The oxidation of the hydrocar 
bons having an amount of organic sulfur, up to about 1500 
ppm, preferably from about 200 to about 1000 ppm, occurs 
by reaction With an oxidiZing/extraction solution having a 
loW concentration of hydrogen peroxide, generally from 
about 0.5 to about 4 Wt %, but preferably 0.5 to 3.5 Wt %, 
or about 2% to about 3 Wt % in the presence of a small 
amount of Water, less than about 25 Wt %, preferably less 
than about 20 Wt %, but preferably in a range from about 8 
Wt % to about 20 Wt %, but most preferably from about 8 Wt 
% to about 14 Wt %. The rest of the oxidiZing solution is 
formic acid. The oxidation/extraction solution used in the 
practice of this invention Will contain from about 75 Wt % 
to about 92 Wt % of carboxylic acid, preferably formic acid, 
and preferably 79 Wt % to about 89 Wt % formic acid. The 
molar ratio of acid, preferably formic acid, to hydrogen 
peroxide useful in the practice of this invention is at least 
about 11:1 and is preferably from about 12:1 to about 70:1 
in the broadest sense, preferably from about 20:1 to about 
60:1. This oxidiZing solution is mixed With the hydrocarbon 
in an amount such that the stochiometric factor is an excess 
of tWo times the amount of hydrogen peroxide needed to 
react With the sulfur to a sulfone, preferably from about 2 to 
about 4; that is to say that there is greater than about four 
moles of hydrogen peroxide for each mole of sulfur in the 
fuel. The reaction stoichiometry requires 2 moles peroxide 
for each mole thiophenic sulfur. Thus, a stoichiometric 
factor (StF) of 2 Would require 4 moles peroxide per mole 
sulfur. Of course, a higher factor can be used, but it gives no 
practical advantage. 

[0023] A discovery that the process of this invention does 
remove organic sulfur so effectively (i.e., at high rates and 
complete oxidation With loW peroxide excess loss) given the 
loW hydrogen peroxide concentration in the oxidiZer/extrac 
tor solution and fuel feeds With loW concentrations of sulfur 
is seen. Those skilled in the art Will appreciate that for proper 
mixing of tWo substantially immiscible liquids, the fuel oil 
and the aqueous oxidiZer-extractor solution, the volumetric 
ratio of oil to Water for the tWo phases should be loWer than 
about 10:1 or, on the outside about 20:1. That means that 
adequate mixing can be achieved for example by mixing 100 
ml fuel With 5-10 ml of an aqueous solution, but it Would be 
extremely inef?cient to attempt to mix in 0.5 to 1 ml of an 
aqueous solution (corresponding to a high concentration 
peroxide case) With 100 ml of a fuel. If the process required 
higher peroxide concentrations to Work ef?ciently, as for 
some prior art processes, this condition for the volumetric 
ratio Would result in very large amounts of peroxide at the 
end of the oxidation process not being used to oxidiZe the 
sulfur and thus available to decompose by side reactions. 

Mar. 14, 2002 

Such solutions Would need to be recycled to increase the 
peroxide utiliZation. Before recycle, Water Would need to be 
removed to maintain a mass balance, and any further han 
dling of unstable and unpredictable and unsafe peroxide 
solutions Would be impractical. Dealing With such problems 
Would be futile When compared With the practicality and 
bene?ts of the process of the present invention. Another 
discovery of the process is that the carbon to hydrogen ratio 
and octane rating of the ?nal hydrocarbon fuel product is not 
affected. This is a particularly important feature When gaso 
line is the hydrocarbon fuel being treated. 

[0024] In preparing the oxidiZing solution, hydrogen per 
oxide, Which normally is available in aqueous solutions at 
concentrations of 30 Wt %, 35 Wt %, 50 Wt % and 70 Wt %, 
is mixed With formic acid Which also has about 4% resident 
Water present. Formic acid is normally available in a 96 Wt 
% acid grade and, therefore, Water is introduced into the 
system When the reactants are mixed. On occasion there may 
be an interest in adding additional Water to the system. Even 
though it is of considerable interest in the successful opera 
tion of this invention to minimiZe the amount of Water, 
handling and storing high concentrations of hydrogen per 
oxide is so great a safety haZard in a re?nery that the 
preferred commercially available concentration Would be 
the 35 or 50% peroxide solution even though technically, 
any source of hydrogen peroxide Would be satisfactory as 
long as the ultimate oxidiZing solution criteria detailed 
herein is folloWed. 

[0025] Turning noW to FIG. 1 for a detailed discussion of 
preferred embodiments of this invention, it Will be under 
stood that this detailed discussion is for points of example 
only and that it should not be taken to be a dedication or 
Waiver of any other modi?cations or alterations of the 
process Which remain insubstantially different from that as 
described here or claimed. NoW turning to the process, the 
sulfur-containing fuel is introduced through line 10. If 
gasoline fuel is the feed, for example, the current re?nery 
grade gasoline fuel product has a maximum sulfur content of 
about 500 ppm, the gasoline speci?cation as listed in ASTM 
Method D4814, Standard Speci?cation from Automotive 
Spark-Ignition Engine Fuel. The Environmental Protection 
Agency (EPA) Tier 2 gasoline ruling reduces the alloWable 
sulfur in gasoline from the current level of 300 ppm to the 
neW level of 30 ppm, effective in 2005 for most re?neries. 
The feed enters through line 10 and, if required, passes 
through heat exchanger 12, Where it is brought to a tem 
perature slightly above the desired reaction temperature. If 
the feed comes from a storage tank it may need to be heated, 
but if it comes from another operation in the re?nery it may 
be hot enough to be used as it is or even cooled. In the 
practice of this invention the oxidation and extraction is 
carried out at a temperature of from about 50° C. to about 
130° C., preferably from about 65° C. to about 110° C., and 
most preferably from about 90° C. to about 105° C. The feed 
is heated to a higher temperature so that, after passing 
through line 14 into line 16, Where it is mixed With the 
oxidiZing solution, the resulting reaction mixture Will cool 
doWn to be Within the reaction temperature range. In the 
practice of this invention the oxidation and extraction is 
carried out at a pressure of from about 15 psi to about 250 
psi, depending upon the hydrocarbon feed. Diesel feeds 
Would be preferably oxidiZed close to atmospheric condi 
tions. Gasoline feeds Would preferably be oxidiZed around 
40 psi. The actual total pressure Will be dependent upon the 
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partial vapor pressures of hydrocarbon, formic acid, hydro 
gen peroxide, and Water at the selected operating tempera 
ture, plus additional pressure from any additional inert gas. 
The partial vapor pressure contribution from a naphtha at 
95° C. Will be about 25 psi. The feed is pressuriZed due to 
its volatility. The hydrogen peroxide enters mixing tank 18 
through line 20 Where it is joined With acid stream 22 to form 
the oxidiZing solution, Which is combined in line 16 With the 
heated feed entering through line 14. Recovered acid may 
also be added to the mixing tank 18 for reuse. 

[0026] The feed and the oxidiZing stream enter reactor 24 
Where the oxidation and extraction occurs, usually Within 
about 5 to about 15 minutes contact, to satisfactorily oxidiZe 
the organic sulfur and extract the oxidiZed sulfur compounds 
from the fuel. These reactions do not affect the octane rating 
of the gasoline fuel. If the feed contains alkenes, a small 
percentage of the alkenes, less than 1%, might be converted 
to alcohols. The reactor design should be such that agitation 
of the fuel and oxidiZing/extracting solution should cause 
good mixing to occur such as With in-line mixers or stirred 
reactors, for example, operated in series. It is preferable that 
the contact residence time be from about 5 to 7 minutes, With 
no more than about 15 minutes being required for complete 
conversion With the proper stochiometric factor and con 
centration Within the oxidation solution When polishing a 
fuel containing loW levels of sulfur compounds; such as a 
commercial gasoline fuel. Greater times may be employed 
Without departing from the scope of this invention, particu 
larly When loWer concentrations of formic acid are used. 
Suitable reactors for this step are a series of continuous 
stirred reactors (CSTR), preferably a series of 2 or 3 
reactors. Other reactors Which Would provide proper mixing 
of the oxidiZing solution With the hydrocarbon are knoWn to 
the skilled engineer and may be used. 

[0027] After the exothermic oxidation reaction occurs, the 
oxidiZed sulfur organic compounds become soluble in the 
oxidiZing solution to the extent of their solubility in the 
hydrocarbon or aqueous solution and, thus, the solution not 
only causes the oxidation of the sulfur compounds in the 
hydrocarbon fuel, but serves to extract a substantial part of 
these oxidiZed materials from the hydrocarbon phase into 
the oxidiZing solution aqueous phase. The reaction product 
leaves the oxidation reactor 24 through line 26 as a hot 
tWo-phase mixture and proceeds to a settling tank 28 Where 
the phases are alloWed to separate With the hydrocarbon fuel 
phase having loWered sulfur content leaving the separator 28 
through line 30. If alcohols Were produced by the oxidation 
of alkenes in the feed to alcohols, the alcohols are soluble in 
the hydrocarbon phase. The hydrocarbon phase is further 
heated in heat exchanger 32 and conveyed by line 34 to a 
?ash drum 36 Where the fuel is ?ashed to separate residual 
acid and Water. An aZeotropic solution of Water and formic 
acid exits ?ash drum 36 through line 39 to be recycled and 
become part of the oxidiZing solution’s makeup in mixing 
tank 18. Alternatively, the Water and acid may require 
additional processing (not shoWn) through a distillation step. 
It has been discovered that the preferred high acid concen 
tration oxidiZer compositions of this invention With loW 
Water content also have the added bene?t of having a higher 
extracting capacity for sulfones formed by the oxidation 
reaction. 

[0028] The fuel product exits the ?ash drum 36 through 
line 38 and, as shoWn in FIG. 1, is cooled in heat exchanger 
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40 for subsequent ?ltering or treatment in holding tank 41 to 
remove any residual Water, acid, or trace sulfur compounds 
Which may remain that are subject to ?ltration removal. 
Some caustic or calcium oxide may be added to the fuel 
through line 44 to enter holding tank 41 to neutraliZe 
residual acids in the treated fuel. While any suitable material 
Which Would neutraliZe the acid may be used, use of dry 
calcium oxide (quicklime) Would not only neutraliZe 
residual acid, but Would also serve to dehydrate the fuel as 
can easily be determined by a skilled engineer. The presence 
of the solid calcium oxide provides facile removal of latent 
precipitates of residual oxidiZed sulfur compounds by seed 
ing and ?ltration. Only a small amount is needed and can be 
easily determined by the skilled engineer from an analysis of 
the fuel in the hydrocarbon phase. Use of quicklime is 
technically preferred to neutraliZation by Washing With 
caustic solution folloWed by salt drying. The fuel and solid 
calcium salts enter post treatment vessel 42 Which can be 
any appropriate solids-liquids separator. From the post 
treatment vessel 42, the fuel product exits through line 46 to 
storage tank 48. While the dehydration and ?nal cleaning of 
the fuel can be accomplished in many Ways knoWn in the art, 
the foregoing is satisfactory for the practice of this inven 
tion. Any solids present exit post treatment vessel 42 through 
line 43 for appropriate use or disposal. The details of such 
an operation Would be Well-knoWn to the process engineer. 

[0029] The aqueous oxidation/extraction solution noW 
carrying the oxidiZed sulfur compounds is removed from the 
separation vessel 28 through line 50, Where it is preferably 
mixed With hot gasoil from stream 51 and conveyed through 
line 54 through a ?ash distillation vessel 56 to strip the acid 
and Water from the oxidiZed sulfur compounds, mostly in the 
form of sulfones, Which are transferred by solubilities or ?ne 
dispersion into the hot gasoil and removed from the ?ash 
tank 56 through line 58 for ultimate treatment. In a preferred 
embodiment, the oxidiZed sulfur compounds and the gasoil 
may be fed to a hydrotreater, operating under usual re?nary 
conditions, Where the sulfur is removed by reacting With 
hydrogen. The conditions of the hydrotreater are a tempera 
ture from about 100° C. to about 400° C.; a pressure of from 
about 100 psig to about 1,000 psig; a liquid hourly space 
velocity (LHSV) of from about 0.2 to about 10.0; and a gas 
?oW range from about 100 to about 5,000 SCFB (Standard 
cubic feet per barrel) of gas having at least about 70% 
hydrogen. The conditions, catalyst and unit operations men 
tioned here are knoWn to the process engineer. When gasoil 
is used to strip the sulfones and send them to a hydrotreater, 
it presents another advantage because the disposal of the 
sulfones does not create another haZardous Waste stream for 
dif?cult disposal, but substantially eliminates the sulfur in 
the hydrocarbon fuel through existing re?nery operations. 
The addition of the gasoil at this point in the process assists 
in the ?ash separation of the Water and formic acid ?ash tank 
56, While gathering the sulfur-containing compounds With it 
and the sulfur already in a gasoil for proper treatment Within 
the re?nery. The amount of gasoil used, of course, Will be 
dependent upon the amount of sulfur-containing compounds 
in the process stream. The amount is not critical except that 
it is desirable that all of the sulfur compounds accompanying 
the aqueous stream be brought into the gasoil stream either 
by solution or dispersion therein. Also, since the environ 
ment Within Which the instant process is to be practiced Will 
normally have streams of gasoil at elevated temperatures, 
the elevated temperature material can be used to enhance the 
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?ashing step in ?ash tank 56. Of course, those skilled in the 
art Will recognize that if the temperature is too high, the 
aqueous materials could prematurely ?ash and, therefore, 
there must be a balancing of temperature and pressure at this 
point. It is an advantage, hoWever, that such a stream could 
be used to raise the temperature of the material and thereby 
enhance the separation in ?ash tank 56. These are param 
eters that are familiar to the skilled engineer. Where gasoline 
is being separated from Water, diesel is an appropriate gas oil 
for use just as a vacuum gas oil is appropriate to use Where 
the sulfur is being removed from diesel and a diesel-Water 
separation is made. 

[0030] In an alternate embodiment, the aqueous oxidation/ 
extraction solution noW carrying the oxidiZed sulfur com 
pounds is removed from the separation vessel 28 through 
line 50, Where it is preferably mixed With a hot gasoil from 
stream 51 and conveyed through line 54 through a ?ash 
distillation vessel 56 to strip the acid and Water from the 
oxidiZed sulfur compounds, mostly in the form of sulfones, 
Which are transferred by solubilities or ?ne dispersion into 
the hot gasoil and removed from the ?ash tank 56 through 
line 58 for ultimate disposal into a coker or the like. The 
conditions and unit operations mentioned here are knoWn to 
the process engineer. When a gasoil is used in the practice 
of this invention as described here it Will normally be a 
re?nery stream Which is destined for disposal into a 
hydrotreater, coker or the like. This gives this invention even 
another advantage because the removal of the sulfur from 
the fuel does not create another haZardous Waste stream for 
dif?cult disposal. A gas oil stream is the heavy atmospheric 
distillation fraction of crude oil and in a re?nery operation 
it is essentially free. It is usually already rich in sulfur and 
is generally sent to a hydrotreater. The small incremental 
effect from the sulfones Would have no in?uence on the 
operation of the hydrotreater. Avacuum gas oil stream is the 
a vacuum distillation fraction of crude oil and in a re?nery 
operation it is again essentially free. It is usually already 
very rich in sulfur and is generally sent to a catalytic 
hydrotreater. 

[0031] The aqueous oxidation/extraction solution noW 
carrying the oxidiZed sulfur compounds is removed from the 
separation vessel 28 through line 50, conveyed through a 
?ash distillation vessel 56 to strip the acid and Water from 
the oxidiZed sulfur compounds, mostly in the form of 
sulfones, Which are removed from the ?ash tank 56 through 
line 58 for ultimate treatment by returning to a hydrotreater 
Where the oxidiZed sulfur is removed by reacting With 
hydrogen. In an alternate embodiment, separated sulfones 
could be also be disposed of in a coker unit. 

[0032] The overhead stream from the ?ash distillation tank 
56 exits through line 59 and thence into aZeotropic column 
60, Where the Water is taken off overhead through line 64, 
and the recovered formic acid containing slight residual 
Water is recycled through line 62, cooled in exchanger 52, 
back to the mixing vessel 18 for reuse. In the event the 
formic acid in line 39 requires additional separation from 
Water, it too can be introduced into distillation column 60 
along With the overhead stream in line 59. 

[0033] Alternate embodiments treating the oxidiZed sulfur 
compounds include transferring and incorporating the sul 
fones into hot asphalt streams. Another embodiment is to 
distill off most of the acid and Water for recycle, leaving at 
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the bottom of the separation vessel 28 a more concentrated 
sulfone solution Which can be chilled to precipitate and 
recover the solid sulfones by ?ltration. Other Ways of 
acceptable disposal Will be apparent to those skilled in the 
art. 

[0034] An alternative embodiment is shoWn on FIG. 2. 
The parts of equipment and lines shoWn also in FIG. 1 are 
numbered as in FIG. 1 for convenience. Here, the fuel is 
contaminated With thiophenes having other hydrocarbon 
moieties on the molecule creating a hydrocarbon-soluble 
sulfone oxidation reaction product. Stream 46 exiting the 
neutraliZation-dehydration and ?ltering vessel 42 may still 
contain some oxidiZed sulfur compounds dissolved in the 
fuel. The presence of a residual oxidiZed sulfur level in the 
hydrocarbon indicates that an equilibrium solubility of these 
compounds exists in both the fuel oil and the aqueous acidic 
phase. This residual oxidiZed sulfur compound in the treated 
fuel can be removed by knoWn liquid-liquid extraction 
techniques With suitable polar solvents such as, for example, 
methanol, acetonitrile, dimethylsulfoxide, furans, chlori 
nated hydrocarbons as Well as With additional volumes of 
the aqueous acidic compositions of this invention. HoWever, 
the solvent extraction approach for achieving loW sulfur 
limits approaching Zero is quite cumbersome, ineffective, 
impractical and expensive, especially When applied to fuel 
With such loW starting sulfur contents Which result from the 
initial oxidation/extraction step in the practice of this inven 
tion. 

[0035] An effective and practical Way to achieve substan 
tially complete removal of the residual oxidiZed sulfur 
compounds has been discovered. According to the process 
of this invention, the neutraliZed, dryed, and ?ltered fuel 
stream 46 is passed, alternatively, through packed or ?uid 
iZed adsorption columns 70 or 72 over solid alumina (non 
activated) having a relatively high surface area (such as that 
for ?ne granular material of 20-200 mesh siZe). Those 
skilled in the art could select a proper siZe based upon 
selected operation conditions and availability. Columns 70 
and 72 are used in multiple adsorption-desorption cycles 
Without signi?cant loss of activity, but most importantly 
Without the need to reactivate by high temperature treat 
ment, such as calcination, Which is conventionally employed 
in some industrial practices requiring the use of activated 
alumina. When sulfur breakthrough into the outlet stream of 
the column occurs at the selected concentration value in 
stream 74, stream 46 is diverted to a second column 72 
operating in parallel. 

[0036] Column 70 is noW ready for the desorption cycle to 
remove the adsorbed oxidiZed sulfur, and regenerate the 
column for use again in the next adsorption cycle. The 
breakthrough concentration could be considered to be any 
sulfur concentration acceptable to the market, for example 
from 30 to about 40 ppm sulfur. The occurrence of a 
breakthrough is dependant on the volume of feed and 
dimension of the column relative to the siZe of the packing; 
all Within the ability of the engineer skilled in the art. 

[0037] The adsorption-desorption operations can be car 
ried out in packed bed columns, circulating countercurrent 
?uidiZed alumina, mixer-settler combinations, and the like, 
as knoWn to the skilled engineer. The adsorption cycle can 
be accomplished at ambient temperature, and at pressures to 
ensure reasonable ?oW rates through the packed column. Of 
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course, other conditions may be used as convenient. The 
desorption cycle in column 70 starts by draining the fuel 
from the column 70 at the end of the adsorption cycle. When 
the fuel is something other than gasoline, the column 70 is 
Washed With a lighter hydrocarbon stream such as, for 
example, a light naphtha, to displace remaining fuel Wetting 
the solid adsorbent surfaces. Usually about one bed volume 
of naphtha is suf?cient for this purpose. Steam or hot gas is 
passed through the column 70 to drive off the naphtha and 
to substantially dry the bed. When the feed is gasoline the 
alumina bed need only to be dried. No Washing is necessary. 
The recovered fuel, drained fuel, naphtha Wash, and the 
naphtha recovered by separating from the stripped step are 
all recovered. 

[0038] The actual desorption of the oxidiZed sulfur com 
pounds from the solid alumina is preferably accomplished 
by passing hot (50-80° C.) methanol from stream 76 through 
the packed column under suf?cient pressure to ensure proper 
?oW through the bed, While preventing ?ashing of methanol 
through the bed. This extraction can be achieved ef?ciently 
by either co-current, or counter-current ?oW relative to the 
How used in the adsorption column. Part of the methanol 
extract can be recycled in the column to provide suf?cient 
residence time to achieve high sulfone concentrations to 
avoid use of large volumes of methanol. Clean methanol is 
preferred to be the ?nal Wash before sWitching column 70 
back to the adsorption cycle. It has been determined that 
about one bed volume of methanol Will extract about 95% of 
the total sulfone adsorbed in the alumina. One or tWo 
additional bed volumes of methanol may be used to sub 
stantially desorb all the sulfones, although this is not nec 
essary for the cyclical process With the regeneration proce 
dure taught in the practice of this invention. Before 
sWitching to the adsorption cycle, the methanol is drained off 
the column, clean methanol is passed through to ensure 
removal of the trapped methanol extract. It is preferably 
alloWed to ?ash through the column by reducing the back 
pressure, and then the remaining methanol Wetting the solid 
bed is driven off by steam or hot gas stripping. 

[0039] The column is noW ready to be returned to the 
adsorption cycle Without signi?cant loss in its adsorption 
ef?ciency and Without the need to reactivate it by high 
temperature treatment. Any amount of Water chemically 
bound on the alumina as a result of the procedures in this 
invention do not have a negative effect on the adsorption/ 
desorption cyclic operation. Chemically bound Water on 
alumina Would otherWise disqualify it as an activated alu 
mina adsorber. The ?nal treated fuel oil product exits in 
stream 74 to product tank 48 With typically residual sulfur 
levels of less than about 10 ppm, approaching Zero. The 
actual loW level of residual sulfur can be decided by prese 
lecting the breakthrough point of columns 70 and 72 taking 
into account cost considerations. FeWer bed volumes of feed 
through columns 70 and 72 during the adsorption portion of 
the cycle Will normally result in loWer sulfur concentrations 
in the end product. The oxidation of sulfur compounds in the 
?rst reaction cause levels of less than about 15 ppm in the 
?nal product to be possible. 

[0040] The sulfur-rich methanol extract in stream 78 is 
mixed into a hot gasoil in stream 80 and ?ashed in toWer 82 
to recover the methanol in the overhead stream 76 for 
recycle. The methanol transfers, the oxidiZed sulfur com 
pounds, e.g., sulfones, into the gasoil at the bottom stream 
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84 for their further disposition such as, for example, into a 
coker. An alternate disposition method Would be to transfer 
the oxidiZed sulfur compounds, e.g., sulfones, into a 
hydrotreater feed stream to be easily hydrogenated. Various 
methods for the disposition of sulfones have been described 
above and may be used here. 

[0041] The process as described above may also be prac 
ticed outside of a re?nery at a gasoline distribution center. 
The process, as described above, can be practiced through 
the separation of the hydrocarbon phase from the aqueous 
phase, Which contains the oxidiZed sulfur compounds. The 
hydrocarbon phase is then placed into the distribution 
matrix. The aqueous phase has the oxidiZed compounds 
separated from the formic acid and Water. The oxidiZed 
compounds can be sent off-site for disposal or treatment. 
The formic acid and Water are recycled to the process. 
Sulfones Would be transported to a re?nery or a land-?ll for 
disposal. 

[0042] There are many modi?cations available on the 
above described process, particularly after the separation of 
the oxidation/extraction solution containing the extract oxi 
diZed sulfur compounds, usually in the form of sulfones, 
from the treated hydrocarbon fuel. This treated fuel may 
have a sulfur concentration after the oxidation-extraction 
step of this invention of from about 50 to about 200 ppm in 
oxidiZed sulfur compounds depending upon the sulfur spe 
cies that are present in the original material The sulfur may 
be totally oxidiZed, but the resulting oxidiZed species may 
have a non-Zero, variable solubility in the fuel and, there 
fore, not be totally extracted into the oxidiZing solution. 
Substituted thiophenes, such as alkylated (C1, C2, C3, C4, 
etc.) dibenZothiophenes, When oxidiZed require more rigor 
ous removal techniques than simpler compounds as 
described above such as the unsubstituted thiophenes. The 
alumina-methanol adsorption-desorption system of the 
invention described above is one advantageous preferred 
technique for removing the alkyl substituted sulfone oxida 
tion products. The above-described process of this inven 
tion, When compared to the cost of a subsequent hydroge 
nation reaction in a hydrotreater to reduce the sulfur content, 
operates at relatively benign temperatures and pressures, and 
utiliZes relatively inexpensive capital equipment. The pro 
cess of this invention acts very effectively on the exact sulfur 
species, i.e., substituted, sterically hindered thiophenes, 
Which are difficult to reduce by even severe hydrogenation 
conditions and are left in available commercial gasoline 
fuels at levels of a little less than the regulatory limit of 500 
ppm. With the current prospect of regulations reducing the 
maximum sulfur content of fuels, such as gasoline, to 10 to 
15 ppm or less, the practice of this invention is very 
bene?cial, if not necessary. This is particularly so in vieW of 
the counterintuitive use of loW levels of hydrogen peroxide 
and the surprising recognition that the presence of excess 
Water prohibits the successful complete-oxidation of the 
sulfur With loW levels of hydrogen peroxide, Which is a 
prerequisite to achieving residual sulfur levels approaching 
Zero. 

[0043] The foregoing exciting results are further demon 
strated by the folloWing examples, Which are offered for 
purposes of illustration of the practice of this invention and 
for the understanding; not for the limitation thereof. 
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EXAMPLES 

[0044] Unless otherwise stated, the following general 
experimental procedure applies to all of the examples. The 
feed is a sulfur-containing liquid hydrocarbon. Different 
feeds tested in these non-limiting examples Were: 

[0045] a. Synthenic Gasoline containing 600_ppm (i.e., 
mg/kg) total sulfur 

[0046] b. ASTM Fuel QCS-02 Gasoline containing 340 
ppm total sulfur 

[0047] Each different batch of feed Was analyZed by gas 
chromatography/mass spectrometry (GC/MS). The oxidiZed 
fuel products Were analyZed by the same technique, and the 
results Were reported relative to the feed compositions. 

[0048] The oxidiZer-extractor compositions in the pre 
ferred embodiment of this invention Were prepared at room 
temperature by the procedure of adding: hydrogen peroxide 
to formic acid reagent (96% by Wt. formic acid) in a beaker. 
The measured amount of 30 Wt % hydrogen peroxide Was 
added and mixed into the formic acid. Then, a measured 
amount of Water, if applicable, Was added and mixed in. The 
composition Was ready for use Within three to 10 minutes. 

Example 1 

[0049] A synthetic gasoline stock solution Was prepared to 
serve as a model and to evaluate the oxidation of contained 
sulfur and the effect, if any, on ole?nic compounds. The 
synthetic gasoline included representative saturate, aro 
matic, ole?nic, and sulfur containing hydrocarbons in a 
distribution that is consistent With current commercial gaso 
lines. The sulfur compounds of the synthetic gasoline Were 
thiophene, tetrahydrothiophene, and dibutylsul?de, Which 
are distributed Widely over the boiling range of gasoline. 
These sulfur compounds contributed 258, 227 and 115 ppm 
of sulfur respectively, in the synthetic gasoline as deter 
mined by gas chromatography/mass spectrometry analysis. 
The sulfur compounds represent targeted sulfur classes in 
gasoline (thiophenes, sul?des, and cyclic sul?des). The 
synthetic gasoline also included ole?ns and aromatic com 
ponents, Which are also, susceptible to oxidation. The ole 
?nic content Was about 12.1% by volume. The stock solution 
Was kept refrigerated. A sample of the gasoline stock solu 
tion Was and from hereon analyZed by GC/MS. 

Example 2 

[0050] A test Was done to determine the effect that exces 
sive oxidiZing conditions Would have on the ole?nic com 
pounds as sulfur compounds are oxidiZed to their respective 
sulfones and sulfoxides. The excessive conditions consisted 
of an excess of hydrogen peroxide and a reaction tempera 
ture of 90° C. 

[0051] Seventy ?ve (75 ml) of the refrigerated synthetic 
gasoline as described above Was added in a 250 ml stirred 
autoclave Which had also been previously stored in the 
freeZer. The air Was displaced With argon, and the autoclave 
sealed at an argon pressure slightly above atmospheric. The 
autoclave Was then heated to a constant 88-90° C. While 
stirring. The total pressure at 88° C., before addition of the 
oxidant solution, Was about 20 psig. 

[0052] The aqueous oxidiZing solution Was prepared by 
mixing 0.91 ml hydrogen peroxide 30 Wt % solution into 7.0 
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ml formic acid 96 Wt % reagent, and then adding 0.5 ml 
Water. The amount of hydrogen peroxide Was 4 times the 
stoichiometric requirement for oxidiZing the sulfur present 
and a concentration of 3 Wt % hydrogen peroxide in the 
aqueous oxidiZer mixture. The oxidant solution Was ready to 
use Within a feW minutes. The oxidant solution Was added by 
means of an addition cylinder pressuriZed With nitrogen, 
When the temperature Was stabiliZed. 

[0053] After one hour of stirring at 90° C., the autoclave 
Was quenched to ambient temperature and then refrigerated 
for 30 minutes before opening. A tWo phase product con 
sisting of an oil phase and an aqueous phase Was obtained. 
Asample of the oil phase Was ?ltered by means of a syringe 
With a ?ltering element. A small amount of calcium oxide 
Was added to the ?ltered oil phase to neutraliZe any residual 
formic acid, and to dry the sample. 

[0054] The oil phase product Was analyZed by gas chro 
matography/mass spectrometry. Overall approximately 88% 
of the sulfur Was oxidiZed. All of the tetrahydrothiophene 
and the dibutyl sul?de Were completely reacted. HoWever, 
70 PPM of the thiophene, approximately 30% of the original 
amount, remained unreacted. The loWer reactivity of the 
thiophene is believed to be a result of limitations in the 
laboratory experiment, While not Wishing to be bound by 
them, thiophene, relative to the other components in the 
synthetic mixture, has a loW boiling point (840 C.). The 
reaction temperature Was 90° C. Therefore a high proportion 
of the thiophene Was in the vapor phase and had limited 
contact With the oxidant. A small amount of alcohols, 
aldehydes and ketones Were also formed. These oxygenates 
collectively totaled approximately 1000 PPM. These oxy 
genates all contain eight carbon atoms and therefore must 
have been derived from 2,4,4-trimethyl-2-pentene. This ole 
?n is highly branched and is more susceptible to oxidation 
than other less branched ole?ns. It also has a relatively high 
boiling point and therefore Was in good contact With the 
oxidant. Most of the excess oxidant Was converted into 
oxygenates. The toluene contains benZylic hydrogen atoms 
and is also potentially susceptible to oxidation, but it 
remained unreacted. 

Example 3 

[0055] A test Was done to determine the effect that mild 
oxidiZing conditions Would have on the ole?nic compounds 
as sulfur compounds are oxidiZed to their respective sul 
fones and sulfoxides. The mild conditions consisted of a 
loWer excess of hydrogen peroxide and a reaction tempera 
ture of 70° C. 

[0056] A test Was carried out as Was Example 2 above, but 
under milder oxidiZing condition, Which included a loWer 
stoichiometric excess of hydrogen peroxide, i.e. 2.5 StF. The 
aqueous oxidiZer solution composition Was 0.57 ml hydro 
gen peroxide 30 Wt %, 8.75 ml formic acid 96 Wt %, and 
1.26 ml Water corresponding to a loWer concentration of 
hydrogen peroxide, 1.5 Wt %. The reaction temperature Was 
69-70° C., instead of 90° C. The total pressure at 69° C., 
before addition of the oxidant, Was about 14 psig. After 
addition of the oxidant under nitrogen pressure, the total 
pressure in the autoclave Was 69 psig. The temperature Was 
maintained constant for one hour at 69-70° C. 

[0057] Overall, approximately 75% of the sulfur Was 
oxidiZed under these milder conditions. The oil phase 
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sample Was obtained, handled, and analyzed as in Example 
2. Again, all of the tetrahydrothiophene and the dibutyl 
sul?de Were completely reacted, but less of the thiophene 
Was converted. About 150 PPM of the thiophene, approxi 
mately 60% of the original amount, remained unreacted. 
Again, not being bound by them, the thiophene Was still 
probably in poor contact With the oxidant. Only 300 ppm of 
oxygenates Were generated. Again, the oxygenate content 
generally represents the amount of excess oxident Which 
Was added to the reactor. 

Example 4 

[0058] A test Was carried out With a standard conventional 
gasoline sample, ASTM-Fuel-QCS-02, obtained from 
AccuStandard Corp., to determine the effect that mild oxi 
diZing conditions Would have on the ole?nic compounds as 
sulfur compounds are oxidiZed to their respective sulfones 
and sulfoxides folloWing the general experimental proce 
dure described in Examples 2 and 3 above. The mild 
conditions consisted of a loWer excess of hydrogen peroxide 
and a reaction temperature of 65° C. 

[0059] A 45 ml. gasoline sample Was introduced into the 
250 ml autoclave . The operating temperature during the test 
Was kept constant at 62-65° C. The aqueous oxidiZer solu 
tion consisted of 4.46 ml formic acid (96 Wt %), 0.30 ml 
hydrogen peroxide (30 Wt %), and 0.64 ml Water, corre 
sponding to a loWer concentration of hydrogen peroxide, ie 
1.5 Wt %. The total pressure in the reactor Was 45 psig, With 
most of it due to the nitrogen used to introduce the oxidiZer 
solution through the addition cylinder. 

[0060] The standard ASTM gasoline and the oxidiZed 
gasoline Were analyZed using Flame IoniZation Sulfur 
Chemiluminescence Gas Chromatography, X-ray re?ec 
tance Spectroscopy (ASTM Method D-2622), and Gas 
Chromatography/Mass Spectrometry. The amount of sulfur 
(by D-2622 method) in the standard ASTM gasoline Was 
336 mg/kg (ppm) and the amount of total ole?ns Was 12.38 
volume % (by ASTM Method D-1319 Standard Test Method 
for Hydrocarbon Types in Liquid Petroleum Products by 
Fluorescent Indicator Adsorption). 

[0061] At the end of reaction, about one hour, and after 
cooling, a sample of the oxidiZed gasoline Was ?ltered (0.45 
micron) using a syringe With a ?ltering element, and With 
addition of a small amount of calcium oxide to neutraliZe 
any of the acid and remove Water. Part of this sample Was 
analyZed by GC/MS for total sulfur. The remainder, Was 
?ltered again, this time over alumina to extract the oxidiZed 
sulfur compounds in the gasoline matrix, and submitted for 
ASTM D-2622 analysis. 

[0062] The overall sulfur content Was loWered from 336 
PPM to 237 PPM (about a 30% reduction). The higher 
boiling gasoline components, Which include alkylated 
thiophenes and some benZothiophenes, Were ef?ciently oxi 
diZed and removed. The loWer boiling sulfur components 
Were essentially non-reactive. Again, it is probable that poor 
contact With the oxidant is the problem. The overall com 
position of the ASTM gasoline remained unchanged. 

[0063] In summary, more volatile sulfur hydrocarbons 
should be reacted at someWhat higher pressures With more 
ef?cient mixing to insure proper contact With the oxidant. 
The sulfur compounds react faster than the ole?nic com 
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pounds and much faster than benZylic compounds. Shorter 
react times and better mixing Would result in sulfur conver 
sion. The extent of oxygenate formation can be directly 
controlled by the amount of oxidant added. 

[0064] The foregoing description of the invention and the 
speci?c examples described demonstrate the surprising 
nature of the oxidiZing/extracting solution and the process 
for desulfuriZing hydrocarbon fuels, especially those having 
loW levels of sulfur present. The above-described descrip 
tion is offered for purposes of disclosing the advantages of 
the instant invention for use in desulfuriZing the aforemen 
tioned fuel oils. Having been taught such process by the 
above discussion and examples, one of ordinary skill in the 
art could make modi?cations and adaptations to such pro 
cess Without departing from the scope of the claims 
appended hereto. Accordingly, such modi?cation, variations 
and adaptations of the above-described process and compo 
sitions are to be construed Within the scope of the claims 
Which folloW. 

1. A process for removing sulfur compounds from a 
gasoline fuel Without substantially reducing the octane rat 
ing of the hydrocarbon fuels, comprising the steps of: 

contacting the sulfur containing fuel With an aqueous 
oxidiZing solution comprising hydrogen peroxide, and 
formic acid in a mole ratio of at least about 11:1 formic 
acid to hydrogen peroxide and having less than about 
25 Wt % Water, in an amount such that the hydrogen 
peroxide present is greater than about tWo times the 
stoichiometric amount required to convert the sulfur 
compounds present to corresponding sulfones, at a 
temperature of from about 50° C. to about 130° C. to 
form a hydrocarbon fuel phase from Which sulfur has 
been removed and an aqueous phase containing oxi 
diZed sulfur extracted from the hydrocarbon fuel phase; 

separating the aqueous phase from the hydrocarbon fuel 
phase; and 

recovering the hydrocarbon phase containing the fuel 
having reduced sulfur content substantially Without 
reducing the octane rating of the fuel. 

2. The process of claim 1, Wherein the gasoline fuel 
further comprises alkenes and the process further comprises 
converting less than 1% of said alkenes to alcohols by 
contacting the alkene containing fuel With the aqueous 
oxidiZing solution With the converted alcohols remaining in 
the hydrocarbon phase. 

3. The process of claim 1 Wherein the mole ratio of formic 
acid to hydrogen peroxide is from about 20:1 to about 60. 

4. The process of claim 1 also including the steps of: 

distilling the aqueous phase to remove Water from the 
acid; and 

recovering the acid. 
5. The process of claim 4 also including the step of 

recycling the recovered acid as part of the acid to use in the 
aqueous oxidiZer solution. 

6. The process of claim 1 Wherein the formic acid is 
present in the oxidiZing solution in an amount of from about 
75 Wt % to about 92 Wt %, and the hydrogen peroxide is 
present in an amount of from about 0.5% to about 4 Wt %. 

7. The process of claim 1 Wherein the oxidation step 
occurs in less than about 15 minutes contact time. 
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8. The process of claim 1 wherein the amount of the 
oxidizing solution added is sufficient to provide a stoichio 
metric excess of from about 2 to about 4 times the amount 
required to oxidiZe the sulfur present. 

9. The process of claim 7 Wherein the stoichiometric 
excess is from about 3.0 to about 3.3 times the amount 
required to oxidiZe the sulfur present in the gasoline fuel. 

10. The process of claim 1 including the further step of: 

treating the recovered hydrocarbon phase With a sufficient 
quantity of calcium oxide to neutraliZe any residual 
acid therein; 

and separating the neutraliZed fuel from the calcium 
oxide. 

11. Aprocess for removing sulfur compounds from gaso 
line fuel comprising the steps of: 

contacting the gasoline fuel at a temperature of from 
about 90° C. to about 105° C. for a period of time up 
to about 15 minutes With an oxidiZing solution com 
prising: 

from about 79 Wt % to about 89 Wt % formic acid, 

from about 2 Wt % to about 3 Wt % hydrogen peroxide, 
and 

from about 8 Wt % to about 14 Wt % Water: 

in an amount such that the molar ratio of formic acid to 
hydrogen peroxide is from about 20:1 to about 60:1, 
Wherein the amount of oxidiZing solution added is such 
that there is a stoichiometric excess of hydrogen per 
oxide necessary to oxidiZe the sulfur present in the 
gasoline fuel in an amount of from about 2.5 to about 
3.5 times the amount needed to oxidiZe the sulfur in the 
fuel; 

extracting, during the oxidiZing step, the oxidiZed sulfur 
compounds from the gasoline fuel into the aqueous 
oxidiZing solution to form a hydrocarbon phase and an 
aqueous phase; 

separating the aqueous phase containing the extracted 
sulfur compounds from the hydrocarbon fuel phase; 

neutraliZing any residual acid in the fuel; 

recovering the neutraliZed gasoline fuel containing less 
than about 25 ppm sulfur. 

12. The process of claim 11 Wherein the gasoline contains 
up to about 500 ppm sulfur by Weight 

13. The process of claim 11 Wherein the gasoline is a 
CARB or RFG fuel. 

14. A process for removing sulfur compounds from a 
gasoline hydrocarbon fuel containing thiophenes, ben 
Zothiophenes, and alkyl-substituted thiophenes, and ben 
Zothiophenes Without affecting the octane rating of the 
hydrocarbon fuel comprising the steps of: 

contacting, at a temperature of from about 65° C. to about 
110° C., the sulfur-containing fuel With an aqueous 
oxidiZing solution comprising hydrogen peroxide and 
formic acid in a mole ratio of at least about 11:1, formic 
acid to hydrogen peroxide, and having a content of 
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from about 8 Wt % to about 20 Wt % Water, in an 
amount such that the hydrogen peroxide present in 
greater than about 2 times the stoichiometric amount 
required to convert the sulfur compounds present to 
corresponding sulfones Whereby a hydrocarbon fuel 
phase is formed Which contains oxidiZed alkyl-substi 
tuted benZothiophenes, as sulfones, and an aqueous 
phase containing substantially all the oxidiZed ben 
Zothiophenes in the form of the corresponding sulfones; 

separating the aqueous phase containing the extracted, 
oxidiZed benZothiophene sulfur compounds from the 
hydrocarbon phase containing oxidiZed alkyl- substi 
tuted benZothiophenes in the form of the corresponding 
sulfones; 

neutraliZing and deWatering the hydrocarbon phase; 

passing the hydrocarbon phase through a bed of an 
alumina adsorbent to adsorb the oxidiZed alkyl-substi 
tuted benZothiophenes and dibenZothiophenes from the 
fuel; and 

recovering the fuel having substantially loWered sulfur 
content from the oxidiZed sulfur compounds. 

15. The process of claim 14 Wherein the drying and 
neutraliZation is accomplished by adding calcium oxide to 
the hydrocarbon phase fuel; and 

?ltering the fuel to remove the solids from the fuel. 
16. The process of claim 14 including the additional steps 

of: 

cooling the hydrocarbon phase betWeen the ?ashing step 
and the neutraliZing and deWatering step; and 

adding the calcium oxide to the hydrocarbon stream prior 
to introduction into a post-treatment vessel serving as a 
solids liquids separator. 

17. The process of claim 14 including the additional steps 
of adding gasoil to the separated aqueous phase to separate 
the Water and formic acid from the gasoil and oxidiZed 
benZothiophene sulfur compounds; 

?ashing the aqueous phase containing the extracted, oxi 
diZed benZothiophene sulfur 

compounds to separate the formic acid and Water from 
any residual oxidiZed sulfur compounds as an overhead 

stream; 

distilling the overhead stream to remove Water from the 
formic acid; 

recycling the formic acid for reuse in the oxidiZing 
solution; and 

disposing of the gasoil and oxidiZed benZothiophene 
sulfur compounds. 

18. The process of claim 17 Wherein disposing of the 
gasoil and oxidiZed benZothiophene sulfur compounds com 
prises sending the gasoil and oxidiZed benZothiophene sulfur 
compounds to a hydrotreater or a coker. 

* * * * * 


