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As worldwide crude oil and natural gas exploration, pro-
duction, and refining activities increase, there is a contin-
ued need for petroleum engineers and natural gas engi-
neers to be aware of the various aspects of the technologies
and processes involved within their function to support
crude oil and natural gas operations. A competent under-
standing of technology and various processes that drive
the production and refining of crude oil and natural gas
is essential.

Another reason for the book is based on observations of
young professionals and graduate students as they prepare
to enter the fields of natural gas and crude oil development.
While many organizations may offer various versions of
software to solve engineering problems, many young engi-
neers and students need to hone their fundamental abilities
to tackle problems without using a computer. This book, in
addition to addressing a variety of engineering issues related
to crude oil and natural gas, also provides explanations and
equations relating to fundamental chemical, chemical engi-
neering, and petroleum engineering problems. Thus, the
book is a compilation of definitions, descriptions, tables,

Preface

chemical equations, and formulas of use to petroleum
engineers.

To this end, the book has been compiled using a variety
of information sources that also reflect the major changes
that have occurred in the crude oil and natural gas industries
over the past 10 to 15 years. Thus the book offers informa-
tion relevant to the various sectors of the crude oil and natu-
ral gas industries and takes advantage of recent publications
related to crude oil and natural gas operations. The contents
are arranged alphabetically to provide ready access through
an all-inclusive index to recover the desired information.

It is the purpose of this book to provide a ready-at-hand
reference book for the office, laboratory, or field that the
engineer can consult to help him or her in this task. The book
will be a valuable asset for petroleum engineers, experts, and
practicing professionals working in the crude oil and natural
gas industries.

Dr. James Speight,

Laramie, Wyoming.
October 2016.
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Abrasion

Abrasion is the result of wear caused by friction and
abrasiveness is the property of a substance that causes
surface wear by friction and is also the quality of being
able to scratch or abrade another material. Abrasion is the
process by which an item or piece of equipment is worn
down and can have an undesirable effect of exposure to
normal use or exposure to the elements. On the other
hand, abrasion can be intentionally imposed in a controlled
process using an abrasive.

In operations involving the recovery of natural gas and
crude oil, the abrasiveness of the minerals (which may be
in the form of highly abrasive particulate matter) in the
formation is a factor of considerable importance. Shale,
which is the basis for the formation of tight formations,
varies widely in abrasiveness and this factor may need
to be considered when drilling into such formations for
the recovery of natural gas and crude oil. Abrasion tak-
ing place in a shale formation can be classified according
to the size of the attack angle in places subjected to wear.
The attack angle is the angle between the axis of flow and
tangent line of the surface. Depending on the angle of fuel
moving with respect to contact surfaces, the attacks are
classified as straight line attacks (impact to 90°) and oblique
or slipping attacks (less than 90°). On the other hand, both
carbonate minerals and clay minerals (that also occur in
tight formations) have a relatively low abrasive ability while
the abrasiveness of quartz is high. In fact, the abrasiveness
of shale may be determined more by the nature of its associ-
ated impurities, such as the individual grains of sandstone,
a common impurity in some shale or formations, which are
render the mined shale harder and more abrasive.

Comparison of abrasion index of any formation is an
important aspect of the recovery of natural gas and crude
oil from tight shale formations. However, some formations

are less abrasive than others because the abrasive minerals
in the formation may be diluted by comparatively non-
abrasive organic matter and relatively nonabrasive mineral
matter.

The abrasion index (sometimes referred to as the
wear index) is a measure of equipment (such as drill bit)
wear and deterioration. At first approximation the wear
is proportional to the rate of fuel flow in the third power
and the maximum intensity of wear in millimeters) can be
expressed:

opl=ankmaw’t

0pl - maximum intensity of plate wear, mm.

« - abrasion index, mm s*/g h.

1 - coefficient, determining the number of probable
attacks on the plate surface.

k - concentration of fuel in flow, g/m°.

m - coeflicient of wear resistance of metal;

w - velocity of fuel flow, meters/sec.

T - operation time, hours.

The resistance of materials and structures to abrasion
can be measured by a variety of test methods (Table) which
often use a specified abrasive or other controlled means of
abrasion. Under the conditions of the test, the results can be
reported or can be compared to items subjected to similar
tests. These standardized measurements can be employed
to produce two sets of data: (1) the abrasion rate, which
is the amount of mass lost per 1,000 cycles of abrasion,
and (2) the normalized abrasion rate, which is also called
the abrasion resistance index and which is the ratio of the
abrasion rate (i.e., mass lost per 1,000 cycles of abrasion)
with the known abrasion rate for some specific reference
material.
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Table Examples of selected ASTM standard test method for determining abrasion*.

ASTM B611 Test Method for Abrasive Wear Resistance of Cemented Carbides

ASTM C131 Standard Test Method for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in the Los
Angeles Machine

ASTM C535 Standard Test Method for Resistance to Degradation of Large-Size Coarse Aggregate by Abrasion and Impact in the Los
Angeles Machine

ASTM C944 Standard Test Method for Abrasion Resistance of Concrete or Mortar Surfaces by the Rotating-Cutter Method

ASTM C1353 Standard Test Method for Abrasion Resistance of Dimension Stone Subjected to Foot Traffic Using a Rotary Platform,
Double-Head Abraser

ASTM D 2228 Standard Test Method for Rubber Property - Relative Abrasion Resistance by the Pico Abrader Method

ASTM D4158 Standard Guide for Abrasion Resistance of Textile Fabrics, see Martindale method

ASTM D7428 Standard Test Method for Resistance of Fine Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus

ASTM G81 Standard Test Method for Jaw Crusher Gouging Abrasion Test

ASTM G105 Standard Test Method for Conducting Wet Sand/Rubber Wheel Abrasion Tests

ASTM G132 Standard Test Method for Pin Abrasion Testing

ASTM G171 Standard Test Method for Scratch Hardness of Materials Using a Diamond Stylus

ASTM G174 Standard Test Method for Measuring Abrasion Resistance of Materials by Abrasive Loop Contact

*ASTM International, West Conshohocken, Pennsylvania; test methods are also available from other standards organizations.



Absorption

In the gas processing industry, absorption is a physical or
chemical process by which the gas is distributed throughout
an absorbent (liquid); depends only on physical solubility
and may include chemical reactions in the liquid phase
(chemisorption). Absorption is generally used to separate a
higher-boiling constituent from other components of a system
of vapors and gases. The absorption medium is usually a liquid
and the process is widely employed in the recovery of natural
gasoline from natural gas streams and of vapors given off by
storage tanks.

Liquid absorption processes (which usually employ tem-
peratures below 50 °C (<120 °F) are classified either as physical
solvent processes or chemical solvent processes. The former
processes employ an organic solvent, and low temperatures,
or high pressure, or both enhance absorption; regeneration of
the solvent is often accomplished readily. On the other hand,
in chemical solvent processes, absorption of the acid gases is
achieved mainly by use of alkaline solutions such as amine
derivatives (Figure 1) or carbonate derivatives (Figure 2) in
which a chemical reaction occurs between the solvent and the
contaminant(s). Regeneration (desorption) can be brought
about by use of reduced pressures and/or high temperatures,
whereby the acid gases are stripped from the solvent.

If absorption is a physical process not accompanied by
any other physical or chemical process, it usually follows the
Nernst partition law in which the ratio of concentrations of
solute species in two bulk phases in contact is constant for a
given solute and bulk phases, i.e.:

[x];

—— = constant=K N(

[x]Z

x,12)

The value of constant K, the partition coefficient, is
dependent upon temperature and the value is valid if
concentrations are not too large and if the species x does
not change its chemical or physical form in either phase-1
or phase-2. In the case of gas absorption, the concentration
a solute (c) in one of the phases can be calculated using the
Ideal gas law (e.g., ¢ = p/RT). Alternatively, partial pressure
may be used instead of concentration.

In a gas processing plant, the absorption oil has an
affinity for the natural gasoline constituents. As the natural
gas or refinery gas (or mixture thereof) is passed through
an absorption tower, it is brought into contact with the
(lean) absorption oil which soaks up a high proportion
of the liquid hydrocarbons. The rich absorption oil now
containing the hydrocarbons exits the absorption tower
through the base after which it is fed into lean oil stills,
where the mixture is heated to a temperature above the
boiling point of the absorbed hydrocarbons but below
that of the oil. This process allows for the recovery of
approximately 75% v/v of butanes, and 85 to 90% v/v
of pentanes and higher boiling hydrocarbons from the
stream.

The process above can be modified to improve its
effectiveness, or to target the extraction of specific hydro-
carbons. In the refrigerated oil absorption method, where
the lean oil is cooled through refrigeration, propane recov-
ery can be upwards of 90% v/v and around 40% v/v of
any ethane present in the gas stream. Extraction of higher
molecular weight hydrocarbons approaches 100% v/v
using this process.
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Figure 2 The hot carbonate process.



Acid Gas Removal

Natural gas, while ostensibly being hydrocarbon
(predominantly methane) in nature, contains large
amounts of acid gases such as hydrogen sulfide (H,S) and
carbon dioxide (CO,) as or even process gas that contains
significant amounts of hydrogen sulfide, carbon dioxide,
or similar contaminants. Acid gas removal (acid gas treat-
ing, sometimes also referred to as acid gas scrubbing) is the
removal of acidic gases such as hydrogen sulfide and car-
bon dioxide from natural gas or from process gas streams.
The process for removing hydrogen sulfide and carbon
dioxide from sour gas is commonly referred to as sweeten-
ing the gas.

To sweeten the high acid content gas, it is first pre-
scrubbed to remove entrained brine, hydrocarbons, and
other substances. The sour gas then enters an absorber,
where lean amine solution chemically absorbs the acid gas
components, as well as a small portion of hydrocarbons,
rendering the gas ready for processing and sale. An outlet
scrubber removes any residual amine, which is regenerated
for recycling. Hydrocarbon contaminants entrained in the
amine can be separated in a flash tank and used as fuel gas or
sold. Process efficiency can be optimized by mixing different
types of amine to increase absorption capacity, by increasing
the amine concentration, or by varying the temperature of
the lean amine absorption process.

Acid gas removal (i.e., removal of carbon dioxide and
hydrogen sulfide from natural gas streams) is achieved by
application of one or both of the following process types: (1)
absorption and, (2) adsorption (Figure 1). The processes for
acid gas removal involve the chemical reaction of the acid
gases with a solid oxide (such as iron oxide) or selective
absorption of the contaminants into a liquid (such as etha-
nolamine) that is passed countercurrent to the gas. Then the
absorbent is stripped of the gas components (regeneration)
and recycled to the absorber. The process design will vary
and, in practice, may employ multiple absorption columns
and multiple regeneration columns.

Liquid absorption processes (which usually employ
temperatures below 50 °C (120 °F) are classified either as
physical solvent processes or chemical solvent processes. The
former processes employ an organic solvent, and absorption
is enhanced by low temperatures, or high pressure, or both.
Regeneration of the solvent is often accomplished readily. In
chemical solvent processes, absorption of the acid gases is
achieved mainly by use of alkaline solutions such as amines
or carbonates. Regeneration (desorption) can be brought
about by use of reduced pressures and/or high tempera-
tures, whereby the acid gases are stripped from the solvent.

The most well-known hydrogen sulfide removal process
is based on the reaction of hydrogen sulfide with iron oxide
(iron sponge process or dry box method) in which the gas is
passed through a bed of wood chips impregnated with iron
oxide:

FezO3 +3HS—> Fe283 +2H,0

The bed is then regenerated by passage of air through the
bed:

2FeS, + 30, —> 2Fe 0O, + 6S

The bed is maintained in a moist state by circulation
of water or a solution of soda ash. The method is suitable
only for small-to-moderate quantities of hydrogen sulfide.
Approximately 90% of the hydrogen sulfide can be removed
per bed but bed clogging by elemental sulfur occurs and the
bed must be discarded, and the use of several beds in series
is not usually economical. Removal of larger amounts of
hydrogen sulfide from gas streams requires continuous pro-
cesses, such as the Ferrox process or the Stretford process.

The Ferrox process is based on the same chemistry as
the iron oxide process except that it is fluid and continu-
ous. The Stretford process employs a solution containing
vanadium salts and anthraquinone disulfonic acid. Most
hydrogen sulfide removal processes involve fairly simple
chemistry with the potential for regeneration with return of
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Figure 1 Acid gas removal processes.
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Figure 2 The Claus process.

the hydrogen sulfide. However, if the quantity involved does
not justify installation of a sulfur recovery plant, usually a
Claus plant, it is will be necessary to select a process which
produces elemental sulfur directly:

2H,$ + 30, —> 250, + 2H,0
2H,$ +SO,—> 25 + 2H,0

2HS+0,—>25+2H0

The conversion can be achieved by reacting the hydrogen
sulfide gas directly with air in a burner reactor if the gas can
be burnt with a stable flame.

Other equilibria which should be taken into account are
the formation of sulfur dimer, hexamer, and octamer as well
as the dissociation of hydrogen sulfide:

HS—>H,+S

Carbonyl sulfide and carbon disulfide may be formed,
especially when the gas is burned with less than the

stoichiometric amount of air in the presence of hydrocarbon
impurities or large amounts of carbon dioxide.

Equilibrium conversion is almost complete (approxi-
mately 99 to 100%) at relatively low temperatures and
diminishes at first at higher temperatures, in accordance
with the exothermic nature of the reaction. A further rise in
temperature causes the equilibrium conversion to increase
again. This is a consequence of the dissociation of the poly-
meric sulfur into monatomic sulfur.

Catalysis by alumina is necessary to obtain good equi-
librium conversions: the thermal Claus reaction is fast only
above 500 °C (930 °F). There is also a lower temperature limit
which is not caused by low rates but by sulfur condensation in
the catalyst pores and consequent deactivation of the catalyst.
The lower limit at which satisfactory operation is still possible
depends on the pore size and size distribution of the catalyst;
with alumina-based catalysts having wide pores, the conver-
sion proceeds satisfactorily at approximately 200 °C (390 °F).

In all configurations of the Claus process (Figure 2),
several conversion steps in adiabatic reactors are used, with
intermittent and final condensation of the sulfur produced.



There are three main process forms, depending on the con-
centration of hydrogen sulfide and other sulfur compounds
in the gas to be converted, i.e., the straight-through, the
split-flow oxidation process. The straight-through process is
applicable when the gas stream contains more than 50% v/v
hydrogen sulfide. Feed gases of this type can be burnt with
the stoichiometric amount of air to give sulfur.

The combustion reactor is followed by a combined waste
heat boiler and sulfur condenser from which liquid sulfur
and steam are obtained. The gases are then reheated by
in-line fuel combustion to the temperature of the first
catalytic convertor, which is usually kept at about 350 °C
(660 °F) to decompose any carbonyl sulfide and any carbon
disulfide formed in the combustion step. A second catalytic
convertor, operating at as low a temperature as possible, is
also employed to obtain high final conversions.

If the gas stream contains sulfur dioxide (also an acid gas),
as is often the case when sulfur-containing fuels have been
combusted, the typical sorbent slurries or other materials
used to remove the sulfur dioxide from the flue gases are
alkaline. The reaction taking place in wet scrubbing using a
limestone (CaCO,) slurry produces calcium sulfite (CaSO,):

CaCO, (solid) + SO, (gas) —> CaSO, (solid)
+ CO, (gas)
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When wet scrubbing with a lime slurry [CaO + H,O or
Ca(OH),] the reaction also produces calcium sulfite:

Ca(OH), (solid) + SO, (gas) —> CaSO, (solid)
+H,0 (liquid)
When wet scrubbing with a magnesium oxide slurry

[MgO + H,0 or Mg(OH),] slurry, the reaction produces
magnesium sulfite (MgSO,):

Mg(OH), (solid) + SO, (gas) —> MgSO, (solid)
+H,0 (liquid)

In some designs, the calcium sulfite is oxidized to pro-
duce calcium sulfate (gypsum, CaSO,.2H,0):

CaSO, (solid) + H,O (liquid) + %20, (gas) —
CaSO, (solid) + H,O
Seawater is also used to absorb sulfur dioxide; the sulfur
dioxide is absorbed in the water and when oxygen is added
reacts to form sulfate ions (SO,”) and free protons (H*)

which result in the release of carbon dioxide from the car-
bonates in the seawater:

SO, (gas) + H,O + %20, (gas) —> SO,* (solid) + 2H*

HCO, + H*—> H,0 + CO, (gas)






Acid Gas Scrubbing

Sulfur dioxide is an acid gas and thus the typical sorbent
slurries or other materials used to remove the sulfur dioxide
from the flue gases are alkaline. The reaction taking place in
wet scrubbing using a limestone (CaCO,) slurry produces
calcium sulfite (CaSO,):

CaCO, (solid) + SO, (gas) —> CaSO, (solid) + CO,
(gas)

When wet scrubbing with a lime [Ca(OH),] slurry, the
reaction also produces calcium sulfite:

Ca(OH), (solid) + SO, (gas) —> CaSO, (solid) + H,O
(liquid)

When wet scrubbing with a magnesium hydroxide
[Mg(OH),] slurry, the reaction produces magnesium sulfite
(MgSO0,):

Mg(OH), (solid) + SO, (gas) —> MgSO, (solid) + H,O
(liquid)

In some designs, the calcium sulfite is oxidized to pro-
duce calcium sulfate (gypsum, CaSO,.2H,0):

CaSO, (solid) + H,O (liquid) + %20, (gas) — CaSO,
(solid) + H,O

Seawater is also used to absorb sulfur dioxide; the SO, is
absorbed in the water and when oxygen is added reacts to
form sulfate ions (SO,") and free protons (H*) which result
in the release of carbon dioxide from the carbonates in the
seawater:

SO, (gas) + H,0 + 20, (gas) —> SO, (solid) + 2H*
HCO,” + H' — H,0 + CO, (gas)






Acid Number

The acid number (acid value, neutralization number,
acidity) is the mass of potassium hydroxide (KOH) in
milligrams that is required to neutralize one gram of the
substance. The acid number (AN) or the total acid num-
ber (TAN) of crude oil is a measure of the amount of
carboxylic acid groups and other acidic species (such as
phenols and hydroxynaphthalene derivatives, also known
as naphthol derivatives) in crude oil and indicates to the
potential corrosion during refining. The determination
of the total acid number is an essential part of the assay
procedure for high acid crude oils and opportunity crude
oils.

The acid number is used to quantify the amount of acid
present and is the quantity of base, expressed in milligrams
of potassium hydroxide, that is required to neutralize the
acidic constituents in 1 g of sample.

56.1
AN = (‘/eq —beq)NW—

oil
V. is the amount of titrant (ml) consumed by the crude oil
sample and 1 ml spiking solution at the equivalent point, b,
is the amount of titrant (ml) consumed by 1 ml spiking solu-
tion at the equivalent point, and 56.1 is the molecular weight
of potassium hydroxide.
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The molarity concentration of titrant (N) is calculated as
such:

N = 1000W,p

204.23V, q
Wopp i the amount (g) of KHP in 50 ml of KHP standard
solution, V_ is the amount of titrant (ml) consumed by

50 ml KHP standard solution at the equivalent point, and
204.23 is the molecular weight of KHP. While crude oils with
high total acid numbers (TAN = 0.5-5 mg KOH/g) are not
limited to heavy oils (<20° API), crude oils with extremely
high TAN values (>5 mg KOH/g).

In a typical procedure (ASTM D664, ASTM D974), a
known amount of sample dissolved in organic solvent is
titrated with a solution of potassium hydroxide with known
concentration and with phenolphthalein as a color indicator.
It has been reported that crude oils with" the highest TAN
values are those with the lowest sulfur contents, which sug-
gests that sulfur-containing compounds contribute little to
the crude oil acidity. A number of non-biodegraded oils also
show relatively high acidity, indicating that factors other than
biodegradation (such as reservoir configuration as, for exam-
ple, in vertically stacked oil reservoirs) lead to the later addi-
tion of fresh oils from one member of the stack to an earlier
biodegraded oil reservoir in another member of the stack.






Acid Rain

Acid rain is the more familiar term for acid deposition, which
also includes acid fog, acid sleet, and acid snow. Acid rain
occurs when sulfur oxides (SO, and SO,) and nitrogen oxides
(NO,) are transformed in the atmosphere and return to the
earth as dry deposition or in rain, fog, or snow. It is gener-
ally believed (the chemical thermodynamics are favorable)
that acidic compounds are formed when sulfur dioxide and
nitrogen oxide emissions are released from tall industrial
stacks. Gases such as sulfur oxides (usually sulfur dioxide,
SO,) as well as the nitrogen oxides (NO and NO,) react with
the water in the atmosphere to form acids. Acid rain for-
mation can be represented by a series of simple chemicals
equations:

SO, + H,0 —>H,S0,
250, + 0, — 250,

SO, + H,O —H,S0,
2NO + H,0 —>2HNO,
2NO + O, —>2NO,
NO, + H,0 — HNO,

Also, in the gas phase, sulfur dioxide is oxidized (by reac-
tion with the hydroxyl radical or by reaction with oxygen)
via an intermolec ular reaction:

SO, + OH- —> HOSO,
HOSO,- + 0,—>HO - + SO,

250, + 0,—> 250,

Acid rain has a pH less than 5.0 and predominantly con-
sists of sulfuric acid (H,SO,) and nitric acid (HNO,). As a
point of reference, in the absence of anthropogenic pollution
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sources the average pH of rain is approximately 6.0 (slightly
acidic; neutral pH = 7.0). In summary, the sulfur dioxide
that is produced during a variety of processes will react with
oxygen and water in the atmosphere to yield environmen-
tally detrimental sulfuric acid. Similarly, nitrogen oxides will
also react to produce nitric acid.

In high concentrations, acid rain can cause damage to
natural environments including forests and freshwater lakes.
This form of acid deposition is known as wet deposition. A
second method of acid deposition is known as dry deposi-
tion. Whilst wet deposition involves the precipitation of
acids, dry deposition occurs when the acids are first trans-
formed chemically into gases and salts, before falling under
the influence of gravity back to Earth. Sulfur dioxide, for
example, is deposited as a gas and as a salt.

Another acid gas, hydrogen chloride (HCI), although
not usually considered to be a major emission, is produced
from mineral matter and the brines that often accompany
petroleum during production and is gaining increasing
recognition as a contributor to acid rain. However, hydro-
gen chloride may exert severe local effects because it does
not need to participate in any further chemical reaction to
become an acid. Under atmospheric conditions that favor
a buildup of stack emissions in the areas where hydrogen
chloride is produced, the amount of hydrochloric acid in
rainwater could be quite high.

In addition to hydrogen sulfide and carbon dioxide, gas
may contain other contaminants, such as mercaptans (RSH)
and carbonyl sulfide (COS). The presence of these impuri-
ties may eliminate some of the sweetening processes since
some processes remove large amounts of acid gas but not
to a sufficiently low concentration. On the other hand,
there are those processes that are not designed to remove
(or are incapable of removing) large amounts of acid gases.
However, these processes are also capable of removing the
acid gas impurities to very low levels when the acid gases are
there in low to medium concentrations in the gas.






Acid-Base Catalysts

Acid-base catalysts promote reactions requiring proton trans-
fer as a key step of the reaction mechanism. Redox catalysts
(which are catalysts in which electrons are exchanged instead
of protons) are characterized by electron transfer mechanisms,
although they are mainly used, on the contrary, for promoting
oxidation reactions occurring by cyclic reduction and oxida-
tion of the catalyst. However, more properly, redox catalysts
are oxidation catalysts operating through a redox cycle in
which the catalyst is continuously reduced and reoxidized.
The amount and nature of the catalyst in both cases
remain unchanged at the end of the reaction, as usually
occurs for any kind of catalyst. Besides, catalysts cannot alter
the equilibrium of the promoted reactions. Reactions that
are catalyzed by acids are, normally, catalyzed also by bases.
In the most general case, for a reaction occurring in aqueous
solution, the kinetics of the reaction can be represented by:

r=kexpC=[ko+k Chortkoy-Cop-tk, Coutk,-C,-1C

H30% “H30" " ""OH™ “OH~ ' ""HA “HA
where r is the reaction rate, k_is the intrinsic activity, C is the
reagent concentration, and the catalyst concentration appears
in the form H,O*, OH", non-dissociated acid HA and anion A",

The acidity and/or basicity of an aqueous solution can be
satisfactorily defined by relating it to the thermodynamic
function pH = -Log [H,0"]. In the case of non-aqueous strong
acid solvents, the concentration of the most acidic species and
basic species in solution can be determined by the autopro-
tolysis equilibrium. For pure sulfuric acid, for example:

H,50, + H,SO, H,SO,* + HSO, —>K__.._
= [H,50,*][HSO, ] = 2.4 x 10* (mol¥/kg?)

The acid strength, in this case, can be determined indirectly,
by using a particular indicator and the Hammet function:
C
H, = pK, +log %
BH*
C,+ and C, are respectively the concentration of the

BH
dissociated and non-dissociated form of the indicator.
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When these two concentrations are equal, the Hammet
function equates the pK_ of the indicator and this last value
becomes a measure of the acid strength. 100% sulfuric acid,
for example, has an acid strength of —-H = 12, substances
having —H_ values greater than 12 are classified as super-
acids. The same approach can be extended to solid acid
catalysts.

It is possible to develop acidity inside the porous
crystalline framework of a zeolite. Zeolites are crystalline
silico-aluminates with molecular-scale cavities related to
Y zeolite. In the same figure the structural components
always occurring in zeolite structures are also reported.
Many zeolites are obtained by crystallization and precipi-
tation in hydrothermal conditions (such as ZSM5), often
in the presence of a chemical agent such as a quaternary
ammonium salt. Zeolites are, normally, obtained in a neu-
tral form containing sodium jons in the cavities. There are
three different methods for introducing acidity in zeolites
cavities: the direct exchange of sodium with H,O* that is
possible only with acid resistant zeolites (for example, mor-
denite) and gives place to de-alumination, the exchange
with the ammonium ion (NH,*) followed by thermal treat-
ment for decomposing the ammonium compound formed
and the exchange with multi-charged cations such as cal-
cium (Ca*") or magnesium (Mg?*). The acidity is originated
inside the zeolite cavities in the same way seen for silica-
alumina support by the presence of tetrahedral aluminium
inside the silica structure. By reducing the aluminium/sili-
con ratio in zeolites, different crystalline structures can be
obtained from X and Y zeolites, to mordenite, ZSM5 and
ZSM11.

Basic catalysts can be: supported basic compounds,
alkaline earth basic oxides or oxide mixture (such as
perovskite or hydrotalcite). Basicity can be measured
in ways that are similar to the ones described for acid-
ity by using indicators and probe molecules of opposite
character.






Acidity and Alkalinity

pH is given as the negative logarithm of [H*] or [OH'] and is
a measurement of the acidity of a solution and can be com-
pared by using the following:

pH = -log([H']
pH = -log([OH]

[H*] or [OH"] are hydrogen and hydroxide ion concen-
trations, respectively, in moles/litter.

Also, at room temperature, pH + pOH = 14. For other
temperatures:

pH+ pOH =pK |
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K, is the ion product constant at that particular tempera-
ture. At room temperature, the ion product constant for
water is 1.0 x 107* moles/litter (mol/L or M). A solution
in which [H*=] > [OHT] is acidic, and a solution in which
[H*=] < [OH] is basic.

Table Ranges of acidity and alkalinity.

pH [H+] Solution
<7 >1.0x 107 M Acid

7 1.0x 107 M Neutral
>7 <1.0x 107 M Basic







Acidizing

Acidizing is the injection of acid into the wellbore to improve
well productivity by removing near-well formation damage
and other damaging substances. The procedure commonly
enhances crude oil production by increasing the effective
radius of the well. When performed at pressures above the
pressure required to fracture the formation, the procedure is
often referred to as acid fracturing.

Damaged wells are those which suffer a restriction in flow
rate. This may be due to a number of causes, for example,
drilling damage or buildup of carbonate scale. Damage may
occur at the wellbore face or as a zone of reduced perme-
ability extending several inches or even feet into the forma-
tion, which severely restricts productivity. If the damage can
be removed, significant increases in production rate can be
achieved. Thus, removal of near-well bore damage can result
in significant stimulation. Treatment normally involves
injecting 15% v/v HCI followed by a sufficient after-flush
of water or hydrocarbon to clear all acid from wellbores. A
corrosion inhibitor is added to the acid to protect wellbores
during exposure to acid. Other additives, such as anti-sludge
agents, iron chelating agents, de-emulsifiers and mutual
solvents are added as required for a specific formation.

Acidizing has been applied to wells in oil and gas bear-
ing rock formations for many years. Acidizing is probably
the most widely used work-over and stimulation practice
in the oil industry. By dissolving acid soluble components
within underground rock formations, or removing mate-
rial at the wellbore face, the rate of flow of oil or gas out of
production wells or the rate of flow of oil-displacing fluids
into injection wells may be increased.

A number of different acids are used in conventional
acidizing treatments. The most common are: hydrochloric
acid (HCI) hydrofluoric acid (HF), acetic acid (CH,COOH),
formic acid (HCOOH), sulfamic acid (HZNSO3H), and
chloroacetic acid (CICH,COOH). These acids differ in
their characteristics and choice of the acid and any addi-
tives for a given situation depends on the underground
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reservoir characteristics and the specific intention of the
treatment such as near-well bore damage removal or dis-
solution of scale in fractures. As examples, hydrofluoric
(HF) acid dissolves clay and fine particles in sandstones
while hydrochloric acid (HCI) etches wormholes that bypass
damage in carbonates. However, the majority of acidizing
treatments carried out utilize hydrochloric acid (HCI). All
conventional acids including hydrochloric acid and organic
acids react very rapidly on contact with acid sensitive mate-
rial in the wellbore or formation.

Worm-holing is a common phenomenon. The rapid
reaction means the acid does not penetrate very far into the
formation before it is spent. Conventional acid systems are
therefore of limited effectiveness in treatments where deep
acid penetration is needed. Problems in placing acid are
compounded in long horizontal or directional wells. In these
wells it is difficult to achieve truly uniform placement of acid
along the well-bore, which may be several thousand meters
long, let alone achieve uniform stimulation of the surround-
ing formation.

Methods which have been developed to slow the acidizing
process include: (1) emulsifying the aqueous acid solutions
in oil (or solvents such as kerosene or diesel fuel) to pro-
duce an emulsion which is slower reacting, (2) dissolving
the acids in a non-aqueous solvent, and (3) the use of non-
aqueous solutions of organic chemicals which release acids
only on contact with water. In addition to these methods, of
which emulsifying the acid is probably the most important,
some retardation of the reaction rate can be achieved by gell-
ing the acid or oil wetting the formation solids.

Gelled acids are used to retard acid reaction rate in treat-
ments such as acid fracturing. Retardation results from the
increased fluid viscosity reducing the rate of acid transfer to
the fracture wall. Use of the gelling agents (normally water
soluble polymers) is limited to lower temperature forma-
tions as most gelling agents degrade rapidly in acid solution
at temperatures above 55 °C (130 °F). Gelling agents are
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seldom used in matrix acidizing because the increased acid
viscosity reduces injectivity and may prolong the treatment
with no net benefit i.e., the slower injection rate counters the
benefit of a reduced reaction rate.

Chemically retarded acids are often prepared by adding
an oil-wetting surfactant to the acid in an effort to create a
physical barrier to acid transfer to the rock surface. In order
to achieve this, the additive must adsorb on the rock surface
and form a coherent film. Use of these acids often requires
continuous injection of oil during the treatment. At high
flow rates and high formation temperatures, adsorption is
diminished and most of these materials become ineffective.

Emulsified acids may contain the acid as either the internal
or the external phase. The former, which is more common,
normally contains 10 to 30% hydrocarbon as the external
phase and 15% hydrochloric acid as the internal phase. When
acid is the external phase, the ratio of oil to acid is often about
2:1. Both the higher viscosity created by emulsification and
the presence of the oil can retard the rate of acid transfer to
the rock surface. This reduction in mass transfer rate, and its
corresponding reduction in acid reaction rate, can increase
the depth of acid penetration into the rock formation before
the acid reacts with the rock or damaging material. Use of
oil external emulsified acids may be limited by the increased
frictional resistance to flow of these fluids down the well. The
presence of surfactants in the acidizing fluid, to produce the
emulsion, can affect the wetting characteristics of the rock
formation i.e., change a water wet rock surface into an oil
wet surface. This can necessitate remedial post-acidizing
treatments to restore the rock surface to a water wet state if
successful oil production is to be attained.

Matrix acidizing may also be used to increase formation
permeability in undamaged wells. Where damage is thought
to exist within the formation, the aim of the treatment is to
achieve more or less radial acid penetration deep into the
formation to increase the formation permeability around
the wellbore. Deep penetration can only be achieved with
retarded acid systems. Matrix stimulation techniques are
performed without fracturing reservoir rock. Acid is used
to remove drilling, completion, workover, or production
damage. Solvents and surfactants like crude, condensate,
diesel or mutual solvents are used to change pore fluid or
formation wettability characteristics. Washes remove scale
and other dispersible or soluble material from formations,
perforations and casing.

In undamaged formations even significant permeability
increases over a 3-meter to 6-meter radius around the well-
bore will result in less dramatic stimulation than achieved

when removing damage. There is a practical limit of about
a 50% increase in injectivity or productivity of undam-
aged oil or water wells which can be achieved using matrix
stimulation.

Fracture acidizing (fracing, fracking) is the most widely
used acidizing technique for stimulating limestone or dolo-
mite formations. In an acid fracturing treatment, a pad fluid
is injected into the formation at a rate higher than the res-
ervoir matrix will accept. This rapid injection produces a
buildup in wellbore pressure leading to cracking (fracturing)
of the rock. Continued fluid injection increases the fracture’s
length and width. Acid (normally 15% HCI) is then injected
into the fracture to react with the formation and create a
flow channel (by etching of the fracture surface) that extends
deep into the formation. This allows more reservoir fluid to
drain into the wellbore along the new fractures once the well
is put back on production.

The key to success is penetration of reactive acid along
the fracture. Acid penetration is particularly important in
low permeability carbonates which are frequently subject
to scaling where small fractures meet larger fractures. Acid
fracturing methods which can achieve deep acid penetra-
tion offer tremendous potential to solve scaling problems.
The effective length of an acidized fracture is limited by the
distance that acid travels along the fracture before it is spent.
This is controlled by the acid fluid loss, the reaction rate and
the fracture flow rate. This problem is particularly severe
when the acid reaction rate is high owing to high formation
temperature.

The acid fluid-loss mechanism is more complex than that
of non-reactive fluids. In addition to diffusive leak off into
the formation, flowing acid leaks off dynamically by dis-
solving the rock and producing wormholes. Wormholes are
very detrimental in fracture acidizing. They greatly increase
the effective surface area from which leak off occurs and
are believed to affect acid fluid loss adversely. Acid leaks off
predominantly from wormbhole tips rather than the fracture
face. As wormholing and excessive leak off occur, the leak-
off rate exceeds the pump rate, and a positive net fracturing
pressure cannot be maintained to keep the fracture open. At
this point in the treatment, which may be as early as several
minutes after starting to pump acid, the fracture extension
slows or stops.

In the case of certain crude oils, the addition of acid may
change the polarity of the oil, thereby interfering with the
delicate balance of the constituents, and cause phase separa-
tion of higher molecular weight polar constituents leading to
channel blockage.



Adsorption

Adsorption isa process that occurs when a gas or liquid solute
accumulates on the surface of a solid or a liquid (adsorbent),
forming a film of molecules or atoms (adsorbate). It is
different from absorption, in which a substance diffuses into
a liquid or into a solid to form a solution. The term sorption
encompasses both processes, while desorption is the reverse
of the sorption process. Adsorption differs from adsorption
in that it is not a physical-chemical phenomenon in which
the gas is concentrated on the surface of a solid or liquid to
remove impurities.

In terms of gas processing, the number of steps and the
type of process (adsorption or absorption) used to produce
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pipeline-quality natural gas most often depends upon the
source and makeup of the wellhead production stream. In
some cases, several of the steps may be integrated into one
unit or operation, performed in a different order or at alter-
native locations, or not required at all. Usually, carbon is the
adsorbing medium, which can be regenerated upon desorp-
tion. The quantity of material adsorbed is proportional to
the surface area of the solid and, consequently, adsorbents
are usually granular solids with a large surface area per
unit mass. Subsequently, the captured gas can be desorbed
with hot air or steam either for recovery or for thermal
destruction.






Adsorption Isotherm

The adsorption process is studied through the develop-
ment of an adsorption isotherm which relates the amount of
adsorbate (x) adsorbed on the surface of adsorbent (m) and
pressure at constant temperature. Different adsorption iso-
therms have been developed by Freundlich, Langmuir, and
by means of the Brunauer, Emmett, and Teller (BET) theory.
Simply, the adsorption process can be represented as:

Adsorpti .
Adsorbate + Adsorbent =————=— Adsorption

desorption

A+B——AB
Freundlich Adsorption Isotherm

The Freundlich gave an empirical expression representing
the isothermal variation of adsorption of a quantity of gas
adsorbed by unit mass of solid adsorbent with pressure:
1
i = kP
m
In this equation, x is the mass of the gas adsorbed on
mass, m, of the adsorbent at pressure p; k, and n are constants
whose values depend upon adsorbent and gas at particular
temperature. This isotherm establishes the relationship of
adsorption with lower pressures but is not always suitable
for high-pressure situations.

Langmuir Adsorption Isotherm

The Langmuir adsorption isotherm is based on several assump-
tions, one of which is that dynamic equilibrium exists between
adsorbed gaseous molecules and the free gaseous molecules:

AQ)+BS) = AB

In this equation, A(g) is the unabsorbed gaseous mol-
ecule, B(s) is unoccupied metal surface and AB is adsorbed
gaseous molecule from which a relationship between the
number of active sites of the surface undergoing adsorption
and pressure can be derived:
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KpP
0=
1+ KP

Here, 0 is the number of sites of the surface which are
covered with gaseous molecule, P is the pressure, and K is the
equilibrium constant for distribution of adsorbate between
the surface and the gas phase. However, the Langmuir adsorp-
tion equation is that it is valid at low pressure only. At lower
pressure, KP is small and the factor 1+KP in denominator is
close to unity, which the Langmuir equation reduces to:

0=KP

At high pressure KP is large and the factor 1+KP is almost
equal to KP thereby reducing the Langmuir equation to:

=021
KpP

BET Adsorption Isotherm

The BET theory (Brunauer, Emmett, and Teller) equa-
tion invokes the concept that under the condition of high
pressure and low temperature, thermal energy of gaseous
molecules decreases and more and more gaseous molecules
would be available per unit surface area. As a result, multi-
layer adsorption will occur and can be represented by the
BET equation:

V.=
N (p) p)
e )R 8

Another form of the BET equation is:

1 +c—1(£\
c v, clp

mono

(P-p) V,

mono

\%

total
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In these equations, V ' is the adsorbed volume of gas
at high-pressure conditions so as to cover the surface with a

unilayer of gaseous molecules. This:

C=K/K,

K,
K, is the equilibrium constant when single molecule
adsorbed per vacant site and K| is the equilibrium constant

to the saturated vapor-liquid equilibrium.



Adulteration

Adulteration differs from contamination insofar as unac-
ceptable materials deliberately are added to gasoline
for a variety of reasons not to be discussed here. Such
activities may not only lower the octane number but
will also adversely affect volatility, which in turn also
affects performance. In some countries, dyes and mark-
ers are used to detect adulteration (for example, ASTM
D86 distillation testing and/or ASTM D2699/ASTM
D2700 octane number testing may be required to detect
adulteration).

Specific types of adulteration may be broadly categorized
as: (1) blending relatively small amounts of distillate fuels
such as diesel or kerosene into automotive gasoline, (2) blend-
ing variable amounts of gasoline boiling range hydrocarbons
such as industrial solvents into automotive gasoline, (3)
blending small amounts of spent waste industrial solvents
such as used lubricants - which would be costly to dispose
of in an environmentally approved manner - into gasoline
and diesel, (4) blending kerosene into diesel, often as much
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as 20 to 30% v/v, and (5) blending small amounts of heavier
fuel oils into diesel fuels.

Fuel adulteration can increase the tailpipe emissions of
hydrocarbons, carbon monoxide, oxides of nitrogen, and
particulate matter (PM). Air toxin emissions — which fall into
the category of unregulated emissions — of primary concern
are benzene and polynuclear aromatic hydrocarbons, both
of which are well-known carcinogens. Air toxin emissions
such as benzene depend mostly on fuel composition and
catalyst performance. Polynuclear aromatic hydrocarbons in
the exhaust are due primarily to the presence of polynuclear
aromatic hydrocarbons in the fuel itself and, in the case of
gasoline, in part due to the formation of polynuclear aro-
matic hydrocarbons formation by fuel combustion in the
engine. Aside from fuel quality, the amounts of pollutants
emitted depend on such parameters as the air-to-fuel ratio,
engine speed, engine load, operating temperatures, whether
the vehicle is equipped with a catalytic converter, and the
condition of the catalyst.






Air Emissions

Air emissions are generated from several sources in a
refinery and gas processing plant, including: (1) combus-
tion emissions associated with the burning of fuels in the
refinery, including fuels used in the generation of electricity,
(2) equipment leak emissions (fugitive emissions) released
through leaking valves, flanges, pumps, or other process
devices, (3) process vent emissions (point source emissions)
released from process vents during manufacturing (e.g.,
venting, chemical reactions), (4) storage tank emissions
released when products are transferred to and from stor-
age tanks, and (5) wastewater system emissions from tanks,
ponds and sewer system drains.

Air emissions from refineries and natural gas
processing plants include fugitive emissions of the vola-
tile constituents in crude oil and its fractions, emissions
from the burning of fuels in process heaters, and emis-
sions from the various refinery processes themselves.
Fugitive emissions occur throughout refineries and arise
from the thousands of potential fugitive emission sources
such as valves, pumps, tanks, pressure relief valves, and
flanges. While individual leaks are typically small, the
sum of all fugitive leaks at a refinery can be one of its larg-
est emission sources. Fugitive emissions can be reduced
through a number of techniques, including improved leak
resistant equipment, reducing the number of tanks and
other potential sources and, perhaps the most effective
method, an ongoing Leak Detection and Repair (LDAR)
program.

The numerous process heaters used in refineries to heat
process streams or to generate steam (boilers) for heat-
ing or steam stripping, can be potential sources of sulfur
oxides (SO,), nitrogen oxides (NO,,) carbon oxides (CO,
CO,), particulate matter, and hydrocarbon emissions (vol-
atile organic compounds, VOCs). When operating prop-
erly and when burning cleaner fuels such as refinery fuel
gas, fuel oil or natural gas, these emissions are relatively
low. If, however, combustion is not complete, or heaters are

27

fired with refinery fuel pitch or residuals, emissions can be
significant.

The three main greenhouse gases that are products of
refining are carbon dioxide, nitrous oxide, and methane.
Carbon dioxide is the main contributor to climate change.
Methane is generally not as abundant as carbon dioxide but
is produced during refining and, if emitted into the atmo-
sphere, is a powerful greenhouse gas and more effective at
trapping heat. However, gaseous emissions associated with
petroleum refining and processing are more extensive than
carbon dioxide and methane and typically include process
gases, petrochemical gases, volatile organic compounds
(VOCGs), carbon monoxide (CO), sulfur oxides (SO),
nitrogen oxides (NO ), particulates, ammonia (NH,), and
hydrogen sulfide (H.,S). These effluents may be discharged
as air emissions and must be treated. However, gaseous
emissions are more difficult to capture than wastewater or
solid waste and, thus, are the largest source of untreated
wastes released to the environment.

In addition to the corrosion of equipment by acid gases,
the escape into the atmosphere of sulfur-containing gases
can eventually lead to the formation of the constituents of
acid rain, i.e., the oxides of sulfur (SO2 and SO3). Similarly,
the nitrogen-containing gases can also lead to nitrous and
nitric acids (through the formation of the oxides NO, where
x = 1 or 2) which are the other major contributors to acid
rain. The release of carbon dioxide and hydrocarbons as con-
stituents of refinery effluents can also influence the behavior
and integrity of the ozone layer.

Emissions from the sulfur recovery unit typically contain
some hydrogen sulfide (H,S), sulfur oxides, and nitrogen
oxides. Other emissions sources from refinery processes
arise from periodic regeneration of catalysts. These processes
generate streams that may contain relatively high levels of
carbon monoxide, particulates and volatile organic com-
pounds (VOCs). Before being discharged to the atmosphere,
such off-gas streams may be treated first through a carbon
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monoxide boiler to burn carbon monoxide and any volatile
organic compounds, and then through an electrostatic pre-
cipitator or cyclone separator to remove particulates.

The processes that have been developed to accomplish
gas purification vary from a simple once-through wash

operation to complex multi-step recycling systems. In many
cases, the process complexities arise because of the need for
recovery of the materials used to remove the contaminants
or even recovery of the contaminants in the original, or
altered, form.



Alcohol Blended Fuels

Alcohol refers to ethyl alcohol (ethanol, C,H,OH), which has
a high octane number (good antiknock performance) - the
research octane number (RON) and the motor octane num-
ber (MON) is 91.6. If alcohol contains water, it is favorable
to improve its antiknock performance; hence the enhance-
ment of the compression ratio of the engine occurs when
the blended fuel is burned. Meanwhile, an alcohol blend
requires no or reduced additive of antiknock substance but
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the effect on increasing of the octane number of blended fuel
is not the same when gasoline is mixed with different kinds
of alcohol.

Blended fuel usually refers to a mixture composed of
automotive gasoline and another liquid, other than a mini-
mal amount of a product such as carburetor detergent or
oxidation inhibitor that can be used as a fuel in a motor
vehicle.






Alcohols

Alcohol is the family name of a group of organic chemical
compounds composed of carbon, hydrogen, and oxygen and
has fuel properties. The molecules in the series vary in chain
length and are composed of a hydrocarbon plus a hydroxyl
group. The alcohols are fuels of the family of oxygenates and
the alcohol molecule has one or more oxygen, which con-
tributes to the combustion.

Alcohols are named accordingly to the basic molecules of
hydrocarbon which derives from them: methanol (CH,OH);
ethanol (C,H,OH); propanol (C,H,OH); butanol (C,H,OH),
although menthol and ethanol are the most frequently
used as fuel because of their distinguishing properties.
Theoretically, any of the organic molecules of the alcohol
family can be used as a fuel. The list is somehow more
extensive; however, only two of the alcohols are technically
and economically suitable as fuels for internal combustion
engines. These alcohols are those of the simplest molecular
structure, i.e., methanol and ethanol (Table).

Alcohols are oxygenate fuels insofar as the alcohol mol-
ecule has one or more oxygen, which decreases to the com-
bustion heat. Practically, any of the organic molecules of the
alcohol family can be used as a fuel. The alcohols can be used
for motor fuels are methanol (CH,OH), ethanol (C,H,OH),
propanol (C,H OH), butanol (C,H,OH). However, only
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methanol and ethanol fuels are technically and economically
suitable for internal combustion engines.

Ethanol (ethyl alcohol, CH,CH,OH) is a clear, color-
less liquid with a characteristic, agreeable odor that can
be blended with gasoline to create E85 — a blend of 85%
v/v ethanol and 15% v/v gasoline. Fuel with higher con-
centrations of ethanol (E95) and pure bioethanol (E100,
ethanol produced from biomass materials) has been used
successfully in Brazil. More widespread practice has been
to add up to 20% v/v ethanol to gasoline (E20, also called
gasohol) to avoid engine changes. E100-fueled and M100-
fueled vehicles have difficulty starting in cold weather, but
this is not a problem for E85 and M85 vehicles because of
the presence of gasoline.

Ethanol has a higher octane number (108), broader
flammability limit, higher flame speed, and a higher heat
of vaporization than gasoline. These properties allow for a
higher compression ratio, shorter burn time and leaner burn
engine, which lead to theoretical efficiency advantages over
gasoline in an internal combustion engine. On the other
hand, the disadvantages of ethanol include its lower energy
density than gasoline, corrosiveness, low flame luminosity,
lower vapor pressure, miscibility with water, and toxicity to
ecosystems.
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Table Properties of methanol and ethanol compared to iso-octane.

Item Iso-octane Methanol Ethanol
1. Formula CH, CH,OH C,H,OH
2. Molecular weight 114.224 32.042 46.07
3. Carbon/Hydrogen (W) 5.25 3.0 4.0
4. Carbon, % w/w 84.0 37.5 52.17
5. Hydrogen, % w/w 16.0 12.5 13.4
6. Oxygen, % w/w 0 50.0 34.78
7. Boiling point @ 1 atmosphere °C 99.239 64.5 78.40
8. Freezing point @ 1 atmosphere °C -107.378 -97.778 -80.00
9. Density @ 15.5 °C Ib/gal 5.795 6.637 6.63

10. Viscosity @ 20 °C, Centipoise 0.503 0.596 1.20

11. Specific heat @ 25 °C/1 atm. BTU/Ib 0.5 0.6 0.6

12. Heat of vaporization, @ boiling point/1 atm. BTU/Ib 116.69 473.0 361.0

13. Heat of vaporization, @ 25 °C/1 atm. BTU/Ib 132.0 503.3

14. Heat of combustion @ 25 °C, BTU/Ib

(a) Higher heating value 20555 9776 12780

(b) Lower heating value 19065 8593 11550
15. Stoichiometric, 1b air/lb fuel 15.13 6.463 9.0
16. Research octane number (RON) 100 106 105
17. Flash point temp. °C -42.778 11.112 12.778
18. Auto-ignition temp. °C 257.23 463.889 422.778

19. Flammability limits

(a) Lower 14 6.7 4.3

(b) Higher 7.6 36.0 19.0

20. Cetane number - 5 8




Alicyclic Hydrocarbons

Alicyclic hydrocarbons contain cyclic structures in all or part
of the chemical skeleton. The saturated alicyclic hydrocar-
bons have the general formula C H, . When the molecular
formula of a saturated hydrocarbon corresponds to the gen-
eral formula C H, , then the compound contains two rings
or if the formula corresponds to C H, ,, the compound con-
tains three rings. Their melting points, boiling points and
densities of cycloalkane derivatives (Table) are higher than
the alkane derivatives having the same number of carbon
atoms. In crude oil, the most frequently found rings are
those having five or six carbon atoms. In these rings, each
hydrogen atom can be substituted by a paraffinic alkyl chain
that is either a straight chain or branched. Monocyclic naph-
thene derivatives are major constituents of the light fraction.
Monocyclic naphthene derivatives with carbon numbers on
the order of C,, to C, , with long side chains can be isolated
from paraffin waxes.

In the refinery system, cycloalkane derivatives (naphthene
derivatives) catalytically crack by both ring and chain rapture
and yield olefins and paraffin. In the case of hydrocracking
process, polycyclic aromatic systems are partially hydroge-
nated rapidly. Naphthene rings in polycyclic compounds
are readily removed by ring — opening followed by cracking.
Single-ring naphthene derivatives and paraffin derivatives are
more resistant to cracking. Also, single-ring naphthene deriv-
atives appear to react more slowly at high conversion levels.

The stability of the cycloalkane derivatives increases up
to the six-membered carbon ring, then decreases from the
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seven-member carbon ring to the eleven-member ring,
and from the twelve-member carbon ring onward the
system attains the stability of two six-member carbon rings
(Table).

Table Properties of selected alicyclic hydrocarbon derivatives.

Melting Boiling Density,

Naphthene derivative point, °C point, °C @20 °C
Cyclopropane -127 -33
Propane -167 -42
Cyclobutane -80 13
Butane -138 0
Cyclopentane -94 49 0.746
Pentane -130 36 0.626
Cyclohexane 6.5 81 0.778
Hexane -95 69 0.659
Cycloheptane -12 118 0.810
Heptane -90 -98 0.684
Cyclooctane 14 149 0.830
Octane =57 126 0.703
Methylcyclopentane -142 72 0.749
Cis-1,2-

dimethylcyclopentane -62 99 0.772
Trans-1,2-

dimethylcyclopentane ~120 9 0.750
Methylcyclohexane _126 100 0.769







Aliphatic Hydrocarbons

Aliphatic hydrocarbon derivatives (paraffins, paraf-
fin derivative) are straight chain or branched saturated
organic compounds with composition C H, . Paraffin
derivatives of low molecular weight are found in natu-
ral gas while paraffin derivatives of medium and high
molecular weight occur in petroleum. Methane (CH,) is
the lowest member of the paraffin series of hydrocarbons.
With the increase in size of molecule, several hydrocarbon
derivatives having the same molecular formula (isomers)
may exist. Hydrocarbon derivatives are classified into
chemical families according to the structure. The carbon-
carbon molecule chains have different chemical bond:
(1) saturated hydrocarbons linked by single bond (given
the suffix ane), and (2) unsaturated hydrocarbons linked
by multiple bonds double bond C=C (suffix ene) or triple
C=C (suffix yne)

Normal alkane derivatives (straight-chain paraffin deriv-
atives) consist of a chain of carbon atoms. Each carbon
atom is linked to four atoms, which can be either carbon or
hydrogen, their general formula C H, .. The carbon skel-
eton can be structured as a straight chain, as in the nor-
mal paraffin derivatives, n-CH3(CH2)nCH3. The boiling
point increases with the number of carbon atom and, at
the same time the density increases with the molecular
weight 0.626 kg/L for n-pentane (C,H ), 0.791 kg/L for
n-pentacosane (C,,H, ), on the other hand, the density is
always much lower than 1.

The normal alkane derivatives from C, to C, are colorless
gases; C, to C derivatives are colorless liquids; and from
C,, onwards, colorless solids. Other physical properties,
such as melting point, density, viscosity, also increase in the
same way as boiling point (Table 1). There is a relationship
between physical properties and chemical composition.
The variation in boiling point of compounds is due to dif-
ferent intermolecular forces such as hydrogen bonding. The
alkanes are insoluble in water.

Iso-paraffins (Table 2) are paraffins in which branching
is present, usually at the number 2 carbon atom, although
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Table 1 Physical properties of n-paraffins.

Melting point | Boiling point | Density g/ml
Alkane degree °C degree °C @20°C
Methane -183 -162
Ethane -172 -88.5
Propane -167 -42
Butane -138 0
Pentane -130 36 0.626
Hexane -95 69 0.659
Heptane -90 98 0.684
Octane -57 126 0.703
Nonane -54 151 0.718
Decane -30 174 0.730
Undecane -26 196 0.740
Dodecane -10 216 0.749
Tridecane -6 234 0.757
Tetradecane 5.5 252 0.764
Pentadecane 10 266 0.769
Hexadecane 18 280 0.775
Heptadecane 22 292
Octadecane 28 308
Nonadecane 32 320

Table 2 Physical properties of selected branched paraffins
(Iso-Paraffin Derivatives).

Melting Boiling Density
point degree | point degree g/ml
Paraffins °C °C @20°C
Isobutane -159 -12
Isopentane -160 28 0.620
Neopentane -17 9.5
Isohexane -154 60 0.654
3-Methylbutane -118 63 0.676
2,2-Dimethylbutane -98 50 0.649
2,3-Dimethylbutane -129 58 0.668
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branching can take place at different positions in the chain,
although such molecules are not strictly iso-paraffins.
Iso-paraffins have a boiling point lower than normal par-
affin with the same number of carbon atoms, and gener-
ally, the greater the branching the lower the boiling point
(Table 3). Octane number is a measure of a fuel's ability to
avoid knocking. The test engine is adjusted to give knock
from the fuel rated. Then various mixtures of isooctane
(2,2,4-trimethylpentane) and n-heptane are used to find the
ratio of the two reference fuels that will give the same inten-
sity knock as that from unknown fuel. Defining isooctane as
100 octane number and n-heptane as 0, the octane number
is the volumetric percentage of isooctane in heptane that
matches knock from the unknown fuel is reported as octane
number of the fuel.

Unsaturated aliphatic hydrocarbons (olefins) have one
or more double bonds between carbon atoms. Olefin has
different types of isomers, for example butene (C H,) iso-
mers, which have many arrangements including 1-butene,
cis 2-butene, trans 2-butene and isobutene. Owing to the
presence of a double bond, the alkene undergoes a large
number of addition reactions, but under special conditions
they also undergo substitution reactions. Alkene is readily
hydrogenated under pressure in the presence of a catalyst.
Platinum and palladium are effective at room tempera-
ture. Addition polymerization occurs between molecules
containing double or triple bonds. The following are some
reactions of aliphatic hydrocarbons to enhancement its
properties.

Paraffin deposition (in the form of paraffin wax) creates
diverse oil production problems and, in most cases, paraffin
problems can be resolved efficiently and economically with
chemical products. The wax is subjected to separation when

fuel is cooled. Crystallized wax precipitates from fuel oil are
sufficiently low temperatures and the oil as well can com-
pletely solidify, reducing the ability to flow and/or ability for

pumping.

Table 3 Physical properties of selected olefins.

Melting Boiling Density
point degree | point degree g/ml

Olefin °C °C @20 °C
Ethylene -169 -102
Propylene -158 -48
1-Butene -6.5
1-Pentene 30
1-Hexene -138 63.5 0.643
1-Heptene -119 93 0.675
1-Octene -104 122.5 0.698
1-Nonene 146 0.716
1-Decene -87 171 0.731
Cis-2-butene -139 4 0.743
Trans-2-butene -106 1
Isobutylene -141 -7
Cis-2-pentene -151 37
2-Methyl-2-butene -123 39 0.655
2,3-Dimethyl-2- -74 73 0.660

butene -93 46 0.705
Cyclopentene -104 83 0.774
Cyclohexene _85 42 0.810
1,3-Cyclopentadiene _49 87 0.798
1,3-Cyclohexadiene 0.847




Alloys — Composition

An alloy is a mixture of metals or a mixture of a metal
and another element and is characterized by the metal-
lic bonding character. An alloy may be a solid solution of
metal elements (a single phase) or a mixture of metallic
phases (two or more solutions). Intermetallic compounds
are alloys with a defined stoichiometry and crystal

structure.

Table Compositions of selected common alloys*.

Alloys are used in a wide variety of applications in the
natural gas and petroleum industries. In some cases, a com-
bination of metals may reduce the overall cost of the mate-
rial while preserving important properties. In other cases,
the combination of metals imparts synergistic properties to
the constituent metal elements such as corrosion resistance
or mechanical strength.

Constituents
Alloy class Example Ni Cr Mo | Fe Co Ti Cu Cb Al A%
Carbon steel C10 >94
Low Alloy Steel 1-1/4Cr 1/2Mo 1.25 0.5 | balance
Fe-Ni-Cr+Mo Type 316L 13.0 17.0 2.3 | balance
Alloy SO OH 325 21.0 4.6
20Cb-3 35.0 20.0 2.5 balance 3.5
Ni-Cr-Mo Alloy C2 54.0 15.5 16.0
Alloy C276 57.0 16.0 16.0 |55
Alloy C4 54.0 16.0 155 3.0
Alloy 625 60.0 21.5 9.0 3.7
Ni-Cr-Fe Alloy G 45.0 22.2 6.5 19.5 2.0
Alloy 600 76.0 15.0 8.0
Xi-Mo Alloy B2 balance 1.0 28.0 |20 1.0
Xi-Cu Alloy 400 65.1 32.0
Xickel Alloy 200 99.9
Co-Base ULTEMET (K) 9.0 260 | 50 |30 54.0
Ti-Base Ti-6Al-4V 90 6.0 4.0

*Alloys that are of use in the petroleum and natural gas industries.
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Amine Absorber

Amine absorbers use counter-current flow through a tray-
tower or packed-tower to provide intimate contact between
the amine solvent and the sour gas so that the hydro-
gen sulfide (H,S) and carbon dioxide (CO,) molecules
can transfer from the gas-phase to the solvent liquid-phase.
In tray columns, a liquid level is maintained on each tray
by a weir usually two or three inches high. The gas passes
up from underneath the trays through openings in the
trays such as perforations, bubble caps, or valves, and dis-
perses into bubbles through the liquid, forming a froth.
The gas disengages from the froth, travels through a vapor
space, providing time for entrained amine solution to fall
back down to the liquid on the tray, and passes through
the next tray above. In packed columns the liquid solvent
is dispersed in the gas stream, by forming a film over the
packing, providing a large surface area for carbon diox-
ide and hydrogen sulfide transfer from the gas to the liq-
uid solvent. The degree of sweetening achieved is largely
dependent on the number of trays or the height of packing
available in the absorber.

Twenty valve-type trays (spaced 24 inches apart) or the
equivalent height in packing column are common, and are
often a standard design. Typically, small-diameter towers

39

use packing, while larger towers use stainless steel trays. The
cross-sectional area of the contactor is sized for the gas and
amine flow rates:

0.5
pamine _pgas ,ft/ sec

P gas

Vi, =0.25

In most cases, a mist eliminator pad is installed near
the gas outlet of the absorber (the distance between the top
tray and the mist pad is three to four feet) to trap entrained
solvent, and an outlet knockout drum, similar to the inlet
separator for the gas feed, is provided to collect solvent car-
ryover. Some contactors have a water wash consisting of two
to five trays at the top of the absorber to minimize vaporiza-
tion losses of amine, which is often found in low-pressure
monoethanolamine systems.

In most cases, absorbers will have multiple feed points
allowing the option of introducing the lean amine lower
in the column or at multiple trays. If absorption of carbon
dioxide is desired, all of the lean amine should, in general,
be fed on the top tray, thus utilizing all available stages. For
carbon dioxide slip, multiple feed points are typically better
in some cases.






Amine Condenser

Amine-stripper overhead condenser systems are typically
air-cooled and are required to cool the overhead gases and
condense the overhead steam to water. The condenser is used
to treat the gas containing amine vapor and hydrogen sulfide
and coming from the top section of the amine regeneration
tower. The gas is cooled typically by heat exchange with cool-
ing water so that the amine vapor is mostly condensed and
pooled in a reflux drum before it is returned to the top section
of the amine regeneration tower by means of a reflux pump.
The inlet temperature to the cooler is deduced using the
partial pressure of the overhead steam to determine the
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temperature from steam tables. The cooler outlet tempera-
ture is typically 55 to 63 °C (130 to 145 °F) depending on the
ambient temperature. The heat duty and transfer area of an
amine reflux condenser can be determined:

H.=18x10°x Q
A =520xQ

H_is the heat duty of amine reflux condenser, Btu/min, Q
is the amine circulation flow rate, gal/min.






Amine Washing

Amine washing (more correctly: olamine washing) is the pri-
mary process for sweetening sour natural gas and is quite
similar to the processes of glycol dehydration and removal
of natural gas liquids by absorption.The process involves
chemical reaction of the amine with any acid gases with the
liberation of an appreciable amount of heat, and it is neces-
sary to compensate for the absorption of heat. Amine deriva-
tives (Table) such as ethanolamine (monoethanolamine,
MEA), diethanolamine (DEA), triethanolamine (TEA),
methyldiethanolamine ~(MDEA), di-isopropanolamine
(DIPA), and diglycolamine (DGA) have been used in com-
mercial applications.

The primary process for sweetening sour natural gas
is quite similar to the processes of glycol dehydration and
removal of natural gas liquids by absorption.In this case, how-
ever, amine (olamine) solutions are used to remove the hydro-
gen sulfide (the amine process).The sour gas is run through
a tower, which contains the olamine solution.There are two
principle amine solutions used, monoethanolamine (MEA)
and diethanolamine (DEA).Either of these compounds, in
liquid form, will absorb sulfur compounds from natural gas
as it passes through.The effluent gas is virtually free of sulfur
compounds, and thus loses its sour gas status.Like the process
for the extraction of natural gas liquids and glycol dehydra-
tion, the amine solution used can be regenerated for reuse.

As currently practiced, acid gas removal processes involve
the selective absorption of the contaminants into a liquid,
such as an olamine (Table), which is passed countercurrent
to the gas.Then the absorbent is stripped of the gas compo-
nents (regeneration) and recycled to the absorber.The pro-
cess design will vary and, in practice, may employ multiple
absorption columns and multiple regeneration columns.

Liquid absorption processes (which usually employ
temperatures below 50 °C (120 °F) are classified either as
physical solvent processes or chemical solvent processes. The
former processes employ an organic solvent, and absorption
is enhanced by low temperatures, or high pressure, or both.
Regeneration of the solvent is often accomplished readily.In

43

chemical solvent processes, absorption of the acid gases is
achieved mainly by use of alkaline solutions such as amines
or carbonates.Regeneration (desorption) can be brought
about by use of reduced pressures and/or high tempera-
tures, whereby the acid gases are stripped from the solvent.
Regeneration of the solution leads to near complete desorp-
tion of carbon dioxide and hydrogen sulfide.

The processes using ethanolamine and potassium
phosphate are now widely used.The ethanolamine pro-
cess, known as the Girbotol process, removes acid gases
(hydrogen sulfide and carbon dioxide) from liquid hydro-
carbons as well as from natural and from refinery gases.The
Girbotol process uses an aqueous solution of ethanolamine
(H,NCH,CH,OH) that reacts with hydrogen sulfide at low
temperatures and releases hydrogen sulfide at high tem-
peratures.The ethanolamine solution fills a tower called an
absorber through which the sour gas is bubbled.Purified gas
leaves the top of the tower, and the ethanolamine solution
leaves the bottom of the tower with the absorbed acid gases.
The ethanolamine solution enters a reactivator tower where
heat drives the acid gases from the solution.Ethanolamine
solution, restored to its original condition, leaves the bottom
of the reactivator tower to go to the top of the absorber tower,
and acid gases are released from the top of the reactivator.

The chemistry can be represented by simple equations for
low partial pressures of the acid gases:

2RNH, + H,S—> (RNH,) S
2RHN, + CO, + H,0 — (RNH,) CO,

At high acid gas partial pressure, the reactions will lead to
the formation of other products:

(RNH,),S + H,S —> 2RNH,HS
(RNH,),CO, + H,0 —> 2RNH,HCO,

The reaction is extremely fast and the absorption of
hydrogen sulfide is only limited by mass transfer; this is not
the case for carbon dioxide.



44 RuULES OF THUMB FOR PETROLEUM ENGINEERS

Table Olamines used for gas processing.

Derived | Molecular | Specific | Melting Boiling Flash Relative
Olamine Formula name | weight gravity point, C point, C point, C capacity %
Ethanolamine HOC,HNH, MEA 61.08 1.01 10 170 85 100
(monoethanolamine)
Diethanolamine (HOC,H),NH DEA 105.14 1.097 27 217 169 58
Triethanolamine (HOCH),N TEA 148.19 1.124 18 335,d 185 41
Diglycolamine H(OCH,),NH, |DGA 105.14 1.057 -11 223 127 58
(hydroxyethanolamine)
Diisopropanolamne (HOC,H/),NH DIPA 133.19 0.99 42 248 127 46
Methyldiethanolamine (HOC,H)),NCH, [ MDEA 119.17 1.03 -21 247 127 51

d: with decomposition




Ammonia

Ammonia is a compound of nitrogen and hydrogen (NH,).
It is colorless with a characteristic pungent smell. It is lighter
than air, its density being 0.597 that of air. The liquid boils at
-33.35 °C (-27.94 °F), and freezes at -77.7 °C (-107.86 °F)
to white crystals.

Ammonia contributes significantly the synthesis of many
pharmaceutical products derived from petrochemicals in a
refinery. Although common in nature and in wide use, ammo-
nia is both caustic and hazardous in its concentrated form. It
is classified as an extremely hazardous substance in the United
States as defined in Section 302 of the US Emergency Planning
and Community Right-to-Know Act (42 U.S.C. 11002), and

Density, gas at boiling point 0.000 89 g/ml
Density, liquid at boiling point 0.674 g/ml

Critical temperature 132.44°C

Critical pressure 113 bar

Critical density 0.235 g/ml
Flammable limits in air 15-28% by volume
Latent heat of vaporization at boiling 327.4 cal/g

point

Specific heat, liquid at -20 °C

1.126 cal/g K

Specific heat, gas at 25 °C, 1 atm

; : g ; ; o ) C, 0.5160 cal/g °C
is subject to strict rep.or.tlng re.qulrements by facilities which C 0.4065 callg °C
produce, store, or use it in significant quantities. -
ratio, C /C, 1.269
Thermal conductivity, gas at 25°C, 1 atm | 5.22 x 10~ cal/s
Table Physical properties of ammonia. em? °Clem
Molecular weight 17.031 Entropy, gas at 25 °C, 1 atm 2.7 cal/g °C
Vapour pressure at 21 °C (cylinder 7.87 bar Heat of formation, gas at 25 °C -648.3 cal/g
pressure) Solubility at 0 °C, 1 atm
Specific volume at 21 °C, 1 atm 1.411 ml/g in water 42.8% by weight
Boiling point at 1 atm -33.35°C in methanol, absolute 29.3% by weight
Triple point at 1 atm =77.7°C in ethanol, absolute 20.95% by weight
Triple point pressure 1.33 mbar Viscosity, gas at 0 °C, 1 atm 0.009 18 cP
Specific gravity, gas at 0 °C, 1 atm (air =1) | 0.5970 Viscosity, liquid at -33.5 °C 0.266 cP







Aniline Point

The aniline point of a liquid (such as diesel fuel) was origi-
nally defined as the consolute or critical solution tempera-
ture of the two liquids, that is, the minimum temperature at
which they are miscible in all proportions. The term is now
most generally applied to the temperature at which exactly
equal parts of the two are miscible. This value is more con-
veniently measured than the original value and is only a few
tenths of a degree lower for most substances. Although it is
an arbitrary index (ASTM D611), the aniline point is of con-
siderable value in the characterization of petroleum prod-
ucts. The greater the aniline point, the lower the aromatics
in diesel oil. A higher aniline point also indicates a higher
proportion of paraffin constituents.

For crude oil or crude oil products of a given type, the
aniline point increases slightly with molecular weight; for
those of given molecular weight it increases rapidly with
increasing paraffinic character. As a consequence, the aniline
point was one of the first properties proposed for the group
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analysis of petroleum products with respect to the content
of aromatic derivatives and naphthene derivative. It is used,
alternately, even in one of the more recent methods. The
simplicity of the determination makes it attractive for the
approximate estimation of aromatic content when that value
is important for functional requirements, as in the case of
the solvent power of naphtha and the combustion character-
istics of gasoline and diesel fuel. The diesel index is directly
related to the aniline point by the following equation:

Diesel Index = (Aniline Point, °F)(API Gravity)/100.

A higher aniline point (and therefore a lower aromatic
content) in diesel oil is desirable, in order to prevent auto-
ignition in the diesel engine. In cases where the content of
aromatic constituents in the diesel fuel is high, mixed aniline
point can be measured to determine the approximate con-
tent of aromatic constituents the diesel.






Anticline

An anticline is an area of the crust of the Earth where folding
has made a dome- like shape in the once flat rock layers.
Anticlines often provide an environment where natural gas can
become trapped beneath the surface of the Earth. An anticline
is a fold that is convex up and has its oldest beds at its core
(Figure). An anticline has a crest, which is the highest point on
a given stratum along the top of the fold. A hinge in an anticline
is the locus of maximum curvature or bending in a given stra-
tum in the fold. An axis is an imaginary line connecting the
hinges in the different strata in a two-dimensional cross-section
through the anticline. Connecting the hinges or points of maxi-
mum curvature in the different layers in three dimensions pro-
duces an axial plane or axial surface. In a symmetrical anticline,
a surface trace of the axial plane coincides with the crest. With
an asymmetrical anticline, the surface trace of the axial plane
or axis will be offset from the crest toward the steeper flank of
the fold. An overturned anticline is an asymmetrical anticline
with a flank or limb that has been tilted beyond perpendicular
so that the beds in that limb are upside down.

A structure that plunges in all directions to form a circu-
lar or elongate structure is a dome, which is generally formed

—— Gas—oil contact —

Closure

— Oil-water
contact

e

Edge water

Figure An anticlinal trap.
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from one main deformation event, or via diapirism from
underlying magmatic intrusions or movement of upwardly
mobile, mechanically ductile, material such as rock salt (salt
dome) and shale (shale diapir). Briefly, a diapir is a type of
geologic intrusion in which a more mobile and relatively duc-
tile deformable material is forced into brittle overlying rocks.
Depending on the tectonic environment, a diapir can range
from an idealized mushroom-shaped structure in regions with
low tectonic stress to a narrow dike of material that moves
along tectonically induced fractures in surrounding rock.

An anticline which plunges at both ends is termed a
doubly plunging anticline, and may be formed from multiple
deformations, or superposition of two sets of folds, or be
related to the geometry of the underlying detachment fault
and the varying amount of displacement along the surface of
that detachment fault. The highest point on a doubly plung-
ing anticline (or any geologic structure for that matter) is
called the culmination.

Other types of reservoir structures include: (1) the fault,
(2) the pinch out, (3) the salt dome, and various unconfor-
mity structures.

Oil zone

L_f____..__

Water zone

|
Bottom water _.___,.T._.,... Edge water






Antoine Equation

The Antoine equation is a correlation used for describing
the relation between vapor pressure and temperature for
pure components. The Antoine constants A, B, and C (Table)
are component specific constants for the Antoine equation:

log P=A-(B/C+T)
T = [B/(A -log, P)-C

P is the vapor pressure, mm Hg, and T is the tempera-
ture, °C.
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Table Example of the antoine constants.

A B c |T,.c|T,.C
Water | 807131 | 1730.63 | 233.426 | 1 100
Water [ 8.14019 | 1810.94 | 244.485 [ 99 374
Ethanol | 8.20417 | 1642.89 | 230.3 -57 80
Ethanol | 7.68117 | 1332.04 [ 199.2 77 243







API Gravity

In the petroleum industry, the use of density or specific
gravity has largely been replaced by the API (American
Petroleum Institute) gravity (Table 1, Table 2), which is the
preferred property (Table 3, Table 4) and is one criterion that
is used in setting prices for petroleum. In the United States,
the API gravity has been used for the classification of a res-
ervoir and the accompanying tax and royalty consequences.
This property was derived from the Baumé scale:

Degrees Baumé = 140/sp gr @ 60/60 °F - 130

However, a considerable number of hydrometers cali-
brated according to the Baumé scale were found at an early
period to be in error by a consistent amount, and this led to
the adoption of the equation:

Degrees API = 141.5/sp gr @ 60/60 °F - 131.5

The API gravity (ASTM D287) of a feedstock is calculated
directly from the specific gravity. The API gravity of petro-
leum usually ranges from about 45.3 API for lighter crude
oil to 10 to 20° API for heavy crude oil (Table 3) and does
vary with temperature (Table 4). Tar sand bitumen is usually
less than 10° API and shows a range of variation. The largest
degree of variation is usually due to local conditions that affect
material close to the faces, or exposures, occurring in surface
oil sand beds. There are also variations in the specific gravity
of the bitumen found in deposits that have not been exposed
to weathering or other external factors. However, API gravity
alone or in combination with other physical properties boil-
ing point is not adequate to the task of classifying petroleum,
heavy oil, extra heavy oil, or tar sand bitumen.

The API gravity and sulfur content of crude oil, heavy oil,
and tar sand bitumen are determined as part of the feedstock
assay to assist the refiner in determining the means by which
the feedstock can be refined and the amount of hydrogen
needed to remove the sulfur and, therefore the minimum
amount of hydrogen needed to convert the feedstock to
liquid fuels.

Table 1 API gravity and specific gravity.
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Specific Kilograms Pounds per

API gravity gravity per liter gallon
1 1.0679 1.0658 8.8964
1.5 1.0639 1.0618 8.863
2 1.0599 1.0578 8.8298
2.5 1.056 1.0539 8.7968
3 1.052 1.0499 8.7641
35 1.0481 1.0461 8.7317
4 1.0443 1.0422 8.6994
4.5 1.0404 1.0384 8.6674
5 1.0366 1.0346 8.6357
5.5 1.0328 1.0308 8.6042
6 1.0291 1.027 8.5729
6.5 1.0254 1.0233 8.5418
7 1.0217 1.0196 8.511
7.5 1.018 1.0159 8.4804
8 1.0143 1.0123 8.45

8.5 1.0107 1.0087 8.4198
9 1.0071 1.0051 8.3898
9.5 1.0035 1.0015 8.3601
10 1 0.998 8.3306
10.5 0.9965 0.9945 8.3012
11 0.993 0.991 8.2721
11.5 0.9895 0.9875 8.2432
12 0.9861 0.9841 8.2144
12.5 0.9826 0.9807 8.1859
13 0.9792 0.9773 8.1576

(Continued)
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Table 1 Cont.

Specific Kilograms Pounds per
API gravity gravity per liter gallon
13.5 0.9759 0.9739 8.1295
14 0.9725 0.9706 8.1015
14.5 0.9692 0.9672 8.0738
15 0.9659 0.9639 8.0462
15.5 0.9626 0.9607 8.0189
16 0.9593 0.9574 7.9917
16.5 0.9561 0.9542 7.9647
17 0.9529 0.951 7.9379
17.5 0.9497 0.9478 7.9112
18 0.9465 0.9446 7.8848
18.5 0.9433 0.9414 7.8585
19 0.9402 0.9383 7.8324
19.5 0.9371 0.9352 7.8064
20 0.934 0.9321 7.7807
20.5 0.9309 0.9291 7.7551
21 0.9279 0.926 7.7297
215 0.9248 0.923 7.7044
22 0.9218 0.92 7.6793
225 0.9188 0.917 7.6544
23 0.9159 0.914 7.6296
235 0.9129 0.9111 7.605
24 0.91 0.9081 7.5805
245 0.9071 0.9052 7.5562
25 0.9042 0.9023 7.5321
25.5 0.9013 0.8995 7.5081
26 0.8984 0.8966 7.4843
26.5 0.8956 0.8938 7.4606
27 0.8927 0.891 7.4371
27.5 0.8899 0.8882 7.4137
28 0.8871 0.8854 7.3904
28.5 0.8844 0.8826 7.3673
29 0.8816 0.8799 7.3444
29.5 0.8789 0.8771 7.3216
30 0.8762 0.8744 7.2989
30.5 0.8735 0.8717 7.2764
31 0.8708 0.869 7.254
31.5 0.8681 0.8664 7.2317
32 0.8654 0.8637 7.2096
32.5 0.8628 0.8611 7.1876

Specific Kilograms Pounds per

API gravity gravity per liter gallon
33 0.8602 0.8585 7.1658
335 0.8576 0.8559 7.1441
34 0.855 0.8533 7.1225
34.5 0.8524 0.8507 7.101

35 0.8498 0.8482 7.0797
355 0.8473 0.8456 7.0585
36 0.8448 0.8431 7.0375
36.5 0.8423 0.8406 7.0165
37 0.8398 0.8381 6.9957
375 0.8373 0.8356 6.975

38 0.8348 0.8331 6.9544
385 0.8324 0.8307 6.934

39 0.8299 0.8283 6.9136
395 0.8275 0.8258 6.8934
40 0.8251 0.8234 6.8733
40.5 0.8227 0.821 6.8533
41 0.8203 0.8186 6.8335
41.5 0.8179 0.8163 6.8137
42 0.8156 0.8139 6.7941
42.5 0.8132 0.8116 6.7746
43 0.8109 0.8093 6.7551
43.5 0.8086 0.807 6.7358
44 0.8063 0.8047 6.7167
44.5 0.804 0.8024 6.6976
45 0.8017 0.8001 6.6786
45.5 0.7994 0.7978 6.6597
46 0.7972 0.7956 6.641

46.5 0.7949 0.7934 6.6223
47 0.7927 0.7911 6.6038
47.5 0.7905 0.7889 6.5853
48 0.7883 0.7867 6.567

48.5 0.7861 0.7845 6.5487
49 0.7839 0.7824 6.5306
49.5 0.7818 0.7802 6.5126
50 0.7796 0.7781 6.4946
50.5 0.7775 0.7759 6.4768
51 0.7753 0.7738 6.459

51.5 0.7732 0.7717 6.4414
52 0.7711 0.7696 6.4238
52.5 0.769 0.7675 6.4064

(Continued)
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Specific Kilograms Pounds per

Specific Kilograms Pounds per API gravity gravity per liter gallon
APlgravity | gravity per liter gallon 70 0.7022 0.7008 5.85
>3 0.7669 0.7654 6.389 70.5 0.7005 0.6991 5.8355
53.5 0.7649 0.7633 6.3717 71 0.6938 0.6974 58211
>4 0.7628 07613 6.3546 71.5 0.697 0.6957 5.8068
545 0.7608 0.7592 6.3375 7 0.6953 0.6939 57925
55 0.7587 0.7572 6.3205 72.5 0.6936 0.6922 5.7783
55.5 0.7567 0.7552 6.3036 73 0.6919 0.6905 57642
56 0.7547 0.7532 6.2868 73.5 0.6902 0.6889 5.7501
56.5 0.7527 0.7512 6.2701 74 0.6336 06372 57361
57 0.7507 0.7492 6.2534 74.5 0.6869 0.6855 5.7222
57.5 0.7487 0.7472 6.2369 75 0.6852 0.6839 57083
58 0.7467 0.7452 6.2204
58.5 0.7447 0.7432 6.2041
59 0.7428 0.7413 6.1878
595 0.7408 0.7394 6.1716 Table API gravity and sulfur content of selected heavy oils.
60 0.7389 0.7374 6.1555 API Sulfur % w/w
60.5 0.737 0.7355 6.1394 Bachaquero 13.0 2.6
61 0.7351 0.7336 6.1235 Boscan 10.1 5.5
61.5 0.7332 0.7317 6.1076 Cold Lake 13.2 4.1
62 0.7313 0.7298 6.0918 Huntington Beach 19.4 2.0
62.5 0.7294 0.7279 6.0761 Kern River 13.3 1.1
63 0.7275 0.7261 6.0605 Lagunillas 17.0 2.2
63.5 0.7256 0.7242 6.045 Lloydminster 16.0 2.6
64 0.7238 0.7223 6.0295 Lost Hills 18.4 1.0
64.5 0.7219 0.7205 6.0141 Merey 18.0 2.3
65 0.7201 0.7187 5.9988 Midway Sunset 12,6 1.6
65.5 0.7183 0.7168 5.9836 Monterey 12.2 2.3
66 0.7165 0.715 5.9685 Morichal 11.7 2.7
66.5 0.7146 0.7132 5.9534 Mount Poso 16.0 0.7
67 0.7128 0.7114 5.9384 Pilon 13.8 1.9
67.5 0.7111 0.7096 5.9235 San Ardo 12.2 2.3
68 0.7093 0.7079 5.9086 Tremblador 19.0 0.8
68.5 0.7075 0.7061 5.8939 Tia Juana 12.1 2.7
69 0.7057 0.7043 5.8792 Wilmington 17.1 1.7
69.5 0.704 0.7026 5.8645 Zuata Sweet 15.7 2.7
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Table 2 API gravity at observed temperature versus API gravity at 60 °F.

Observed

temperature (°F) 18.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0 26.0 27.0
70 17.5 18.4 19.4 20.4 214 224 234 24.4 254 26.3
75 17.2 18.2 19.1 20.1 21.1 22.1 23.1 24.1 25.0 26.0
80 16.9 17.9 18.9 19.8 20.8 21.8 22.8 23.7 24.7 25.7
85 16.6 17.6 18.6 19.6 20.5 21.5 22.5 23.4 24.4 254
90 16.4 17.3 18.3 19.3 20.2 21.2 22.2 23.1 24.1 25.1
95 16.1 17.1 18.0 19.0 20.0 20.9 219 22.8 23.8 24.8
100 15.9 16.8 17.8 18.7 19.7 20.6 21.6 22.5 23.5 24.4
105 15.6 16.5 17.5 18.7 19.4 20.3 21.3 22.2 23.2 24.1
110 15.3 16.3 17.2 18.2 19.1 20.1 21.0 219 22.9 23.8
115 15.1 16.0 17.0 17.9 18.8 19.8 20.7 21.6 22.6 23.5
120 14.8 15.8 16.7 17.6 18.6 19.5 20.4 21.3 22.3 23.2
125 14.6 15.5 16.4 17.4 18.3 19.2 20.1 21.1 22.0 22.9
130 14.3 15.2 16.2 17.4 18.0 18.9 19.9 20.8 21.7 22.6
135 14.1 15.0 159 16.8 17.7 18.7 19.6 20.5 214 22.6
140 13.8 14.7 15.6 16.6 17.5 18.4 19.3 20.2 21.1 22.0

Table 3 Selected crude oils showing the differences in API gravity and sulfur content within a country.

Country Crude oil API Sulfur % w/w
Abu Dhabi (UAE) Abu Al Bu Khoosh 31.6 2.00
Abu Dhabi (UAE) Murban 40.5 0.78
Angola Cabinda 31.7 0.17
Angola Palanca 40.1 0.11
Australia Barrow Island 37.3 0.05
Australia Griffin 55.0 0.03
Brazil Garoupa 30.0 0.68
Brazil Sergipano Platforma 38.4 0.19
Brunei Champion Export 23.9 0.12
Brunei Seria 40.5 0.06
Cameroon Lokele 20.7 0.46
Cameroon Kole Marine 32.6 0.33
Canada (Alberta) Wainwright-Kinsella 23.1 2.58
Canada (Alberta) Rainbow 40.7 0.50
China Shengli 242 1.00
China Nanbhai Light 40.6 0.06
Dubai (UAE) Fateh 31.1 2.00
Dubai (UAE) Margham Light 50.3 0.04
Egypt Ras Gharib 21.5 3.64
Egypt Gulf of Suez 31.9 1.52
Gabon Gamba 31.4 0.09
Gabon Rabi-Kounga 33.5 0.07

(Continued)
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Country Crude oil API Sulfur % w/w
Indonesia Bima 21.1 0.25
Indonesia Kakap 51.5 0.05
Iran Aboozar (Ardeshir) 26.9 2.48
Iran Rostam 35.9 1.55
Iraq Basrah Heavy 24.7 3.50
Iraq Basrah Light 33.7 1.95
Libya Buri 26.2 1.76
Libya Bu Attifel 433 0.04
Malaysia Bintulu 28.1 0.08
Malaysia Dulang 39.0 0.12
Mexico Maya 22.2 3.30
Mexico Olmeca 39.8 0.80
Nigeria Bonny Medium 25.2 0.23
Nigeria Brass River 42.8 0.06
North Sea (Norway) Emerald 22.0 0.75
North Sea (UK) Innes 45.7 0.13
Qatar Qatar Marine 36.0 1.42
Qatar Dukhan (Qatar Land) 40.9 1.27
Saudi Arabia Arab Heavy (Safaniya) 27.4 2.80
Saudi Arabia Arab Extra Light (Berri) 37.2 1.15
USA (California) Huntington Beach 20.7 1.38
USA (Michigan) Lakehead Sweet 47.0 0.31
Venezeula Leona 24.4 1.51
Venezuela Oficina 333 0.78

Table 4 API gravity and sulfur content of selected heavy oils and tar sand bitumen.

Country Crude oil API Sulfur % w/w
Canada (Alberta) Athabasca 8.0 4.8
Canada (Alberta) Cold Lake 13.2 4.11
Canada (Alberta) Lloydminster 16.0 2.60
Canada (Alberta) Wabasca 19.6 3.90
Chad Bolobo 16.8 0.14
Chad Kome 18.5 0.20
China Qinhuangdao 16.0 0.26
China Zhao Dong 18.4 0.25
Colombia Castilla 13.3 0.22
Colombia Chichimene 19.8 1.12
Ecuador Ecuador Heavy 18.2 2.23
Ecuador Napo 19.2 1.98
USA (California) Midway Sunset 11.0 1.55
USA (California) Wilmington 18.6 1.59
Venezuela Boscan 10.1 5.50
Venezuela Tremblador 19.0 0.80







Aromatic Hydrocarbons

An aromatic hydrocarbon (also called an arene) is a hydro-
carbon of which the molecular structure incorporates one
or more planar sets of six carbon atoms that are connected
by delocalized electrons numbering the same as if they
consisted of alternating single and double covalent. After
benzene, aromatic hydrocarbons can be polycyclic (ie.,
multiple condensed rings) (Table).

Crude oil is a mixture of compounds and aromatic com-
pounds are common to all petroleum; the difference in extent
becomes evident upon examination of a series of petroleum.
By far the majority of these aromatics contain paraffinic
chains, naphthene rings, and aromatic rings side by side. There
is a general increase in the proportion of aromatic hydrocar-
bons with increasing molecular weight. However, aromatic
hydrocarbons without the accompanying naphthene rings or
alkyl-substituted derivatives seem to be present in apprecia-
ble amounts only in the lower petroleum fractions. Thus, the
limitation of instrumentation notwithstanding, it is not sur-
prising that spectrographic ide