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Preface

Sulfur, nitrogen, and metals in petroleum cause expensive processing problems in the refinery. As
conventional technology does not exist to economically remove these contaminants from crude
oil, the problem is left for the refiners to handle downstream at a high cost. In addition, regulations
in various countries restricting the allowable levels of sulfur in end products continue to become
increasingly stringent. This creates an ever more challenging technical and economic situation for
refiners, as the sulfur levels in available crude oils continue to increase, conferring a market disad-
vantage for producers of high-sulfur crudes. Lower-sulfur crudes continue to command a premium
price in the market, while higher sulfur crude oils sell at a discount. Desulfurization would offer
producers the opportunity to economically upgrade their resources.

The sulfur content of petroleum varies from <0.05% to >14% wt. but generally falls in the range
of 1-4% wt. Petroleum having <1% wt. sulfur is referred to as low-sulfur, and that having >1% wt.
sulfur is referred to as high-sulfur. Heavy oils, residua, and bitumen are generally considered to
be high-sulfur feedstocks by the refining industry. In addition, petroleum refining has entered a
significant transition period as the industry moves into the 21st century. Refinery operations have
evolved to include a range of next-generation processes as the demand for transportation fuels and
fuel oil has shown a steady growth. These processes are different from one another in terms of the
method and product slates, and they will find employment in refineries according to their respective
features. The primary goal of these processes is to convert the heavy feedstocks to lower-boiling
products, and during the conversion there is a reduction in the sulfur content.

With the inception of hydrogenation as a process by which both coal and petroleum could be
converted into lighter products, it was also recognized that hydrogenation would be effective for
the simultaneous removal of nitrogen, oxygen, and sulfur compounds from the feedstock. However,
with respect to the prevailing context of fuel industries, hydrogenation seemed to be uneconomical
for application to petroleum fractions. At least two factors dampened interest: (1) the high cost of
hydrogen and (2) the adequacy of current practices for meeting the demand for low-sulfur products
by refining low-sulfur crude oils, or even by alternative desulfurization techniques.

Nevertheless, it became evident that reforming processes instituted in many refineries were pro-
viding substantial quantities of by-product hydrogen, enough to tip the economic balance in favor of
hydrodesulfurization processes. In fact, the need for such commercial operations has become more
acute because of a shift in supply trends that has increased the amount of high-sulfur crude oils
employed as refinery feedstocks.

Overall, there has, of necessity, been a growing dependence on high-sulfur heavier oils and
residua as a result of continuing increases in the prices of the conventional crude oils coupled with
the decreasing availability of these crude oils through the depletion of reserves in various parts
of the world. Furthermore, the ever growing tendency to convert as much as possible lower-grade
feedstocks to liquid products is causing an increase in the total sulfur content in refined products.
Refiners must, therefore, continue to remove substantial portions of sulfur from the lighter products;
however, residua and the heavier crude oils pose a particularly difficult problem. Indeed, it is now
clear that there are other problems involved in the processing of the heavier feedstocks and that
these heavier feedstocks, which are gradually emerging as the liquid fuel supply of the future, need
special attention.

The hydrodesulfurization of petroleum fractions has long been an integral part of refining opera-
tions, and in one form or another, hydrodesulfurization is practiced in every modern refinery. The
process is accomplished by the catalytic reaction of hydrogen with the organic sulfur compounds
in the feedstock to produce hydrogen sulfide, which can be separated readily from the liquid (or
gaseous) hydrocarbon products. The technology of the hydrodesulfurization process is well estab-
lished, and petroleum feedstocks of every conceivable molecular weight range can be treated to
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remove sulfur. Thus, it is not surprising that an extensive knowledge of hydrodesulfurization has
been acquired along with the development of the process during the last few decades. However,
most of the available information pertaining to the hydrodesulfurization process has been obtained
with the lighter and more easily desulfurized petroleum fractions, but it is, to some degree, appli-
cable to the hydrodesulfurization of the heavier feedstocks such as the heavy oils and residua. On
the other hand, the processing of the heavy oils and residua present several problems that are not
found with distillate processing and that require process modifications to meet the special require-
ments that are necessary for heavy feedstock desulfurization.

In the last three decades, there have been many changes in the refining industry. The overall
character of the feedstocks entering refineries has changed to such an extent that the difference can
be measured by a decrease of several points on the API gravity scale. It is, therefore, the object of
the present text to discuss the processes by which various feedstocks may, in the light of current
technology, be treated to remove sulfur and, at the same time, afford maximum yields of low-
sulfur liquid products. Thus, this text is designed for those scientists and engineers who wish to
be introduced to desulfurization concepts and technology, as well as those scientists and engineers
who wish to make more detailed studies of how desulfurization might be accomplished. Chapters
relating to the composition and evaluation of heavy oils and residua are considered necessary for a
basic understanding of the types of feedstock that will necessarily need desulfurization treatment.
For those readers requiring an in-depth theoretical treatment, a discussion of the chemistry and
physics of the desulfurization process has been included. Attention is also given to the concept of
desulfurization during the more conventional refinery operations.

The effects of reactor type, process variables and feedstock type, catalysts, and feedstock compo-
sition on the desulfurization process provide a significant cluster of topics through which to convey
the many complexities of the process. In the concluding chapters, examples and brief descriptions
of commercial processes are presented and, of necessity, some indications of methods of hydrogen
production are also included. In addition, environmental issues have become of such importance
that a chapter on the cleanup of refinery gases is included. Moreover, the environmental effects of
sulfur-containing gases are also addressed.

Finally, as refineries and feedstocks evolve, biocatalytic processes for reducing sulfur offers
the petroleum industry potentially great rewards by use of such processes (biocatalytic desulfur-
ization). Generally, biological processing of petroleum feedstocks offers an attractive alternative
to conventional thermochemical treatment due to the mild operating conditions and greater reac-
tion specificity afforded by the nature of biocatalysis. Efforts in microbial screening and develop-
ment have identified microorganisms capable of petroleum desulfurization, denitrogenation, and
demetallization.

Biological desulfurization of petroleum may occur either oxidatively or reductively. In the oxi-
dative approach, organic sulfur is converted to sulfate and may be removed in process water. This
route is attractive because it would not require further processing of the sulfur and may be amenable
for use at the wellhead, where process water may then be reinjected. In the reductive desulfuriza-
tion scheme, organic sulfur is converted into hydrogen sulfide, which may then be catalytically
converted into elemental sulfur, an approach of utility at the refinery. Regardless of the mode of
biodesulfurization, key factors affecting the economic viability of such processes are biocatalyst
activity and cost, differential in product selling price, sale or disposal of coproducts or wastes from
the treatment process, and the capital and operating costs of unit operations in the treatment scheme.
Furthermore, biocatalytic approaches to viscosity reduction and the removal of metals and nitrogen
are additional approaches to fuel upgrading.

Nour Shafik El-Gendy
Egyptian Petroleum Research Institute

James G. Speight
CD&W Inc.
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