PETROLEUM TECHNOLOGY- Part II

THE COMPOSITION OF PETROLEUM


Ultimate Analysis: 
The proportion of elements varies in a very narrow range in petroleums. It is expressed below:

Carbon     :   83.0-87.0%

Hydrogen  :  10.0-14.0%

Nitrogen    :   0.1-2.0%

Oxygen     :   0.05-1.5%

Sulfur        :   0.05-6.0%

Since the ultimate analysis of various crude petroleums, gives very little variation in the elemental composition, it is of limited use for technical classification of the petroleums. This can be understood from the fact that a moderate amount of asphaltic material in the crude may have negligible effect on the elemental composition but may substantially increase the difficulty of producing good lubricants from it.

Another methodology for ultimate analysis is the use of atomic “C/H” (or H/C) ratio. This ratio classifies various hydrocarbon groups in the following manner:

                                                                         C/H                 H/C

Simple Aromatics (e.g., benzene)                    1.00                1.00

Condensed Aromatics (e.g., naphthalene)       1.25                0.80

Polycondensed Aromatics                              >1.40              <0.75

General Aliphatic Hydrocarbons                   ca.0.50           ca.2.00

Paraffins                                                        ca.0.50           ca.2.00

For the ratio method to be used accurately the petroleum fractions need to be separated in a narrow boiling range by any separation method.

Chemical Composition :
A. Hydrocarbon Components :

The hydrocarbons in petroleum can be broadly divided in to three classes :

1.Paraffins or Alkanes : These are defined as saturated hydrocarbons with straight or branched chains but without any ring structure. The molecular formula is CnH2n + 2 where n is the number of carbon atoms per hydrocarbon molecule & generic examples of straight-chain & branched-chain can be represented as follows:

CH3(CH2)nCH3    (straight-chain)

CH3CH2CH2(CH2)nCH2CHCH3  (branched-chain)


                                    CH3 

The first four of the family are methane (CH4), ethane (C2H6), propane (C3H8), & butane (C4H10) respectively. The first three i.e. methane, propane & butane have only one structural arrangement. However, butane has two structures: normal or straight-chain & iso or branched-chain represented as follows:

CH3-CH2-CH2-CH3    (normal butane)

CH3
    CH-CH3                 (isobutane ) 

CH3 

Molecules having same composition but differing in structure are called isomers. The structure of a molecule is an important defining factor for the properties of the substance, such as the boiling point. Simply put, isomers with the same molecular formula have different properties & practically are different substances.

An example of the above are the pentanes. Normal pentane boils at 36.4° C, isopentane at 30.0° C & a third isomer, neopentane boils at 9.0° C.

Number of isomers increase with the increase in carbon atoms of the substances. Thus there are five hexane (C6H14) isomers, nine heptane (C7H16) isomers, eighteen octane (C8H18) isomers etc.

Refer table below co-relating number of isomers with carbon atoms.

Carbon atoms        Isomers 
6 5

7 9

8 18

9 35

12 355

15 4347

18 60523

Hydrocarbon Radicals  :

The alkanes or saturated hydrocarbons are more chemically inert than the other hydrocarbons, but they do form derivatives in which the hydrogen may be replaced by other atoms or groups. If only one hydrogen is replaced, the resulting radical is named by changing the “–ane” of the hydrocarbon to the suffix “–yl”. Thus common radicals are :

CH3 – methyl

C2H5 – ethyl

C4H9 – butyl

C8H17 – octyl

Nomenclature for Isomers :

Since no. of isomers with increasing carbon atoms increases phenomenally, it would be practically impossible to invent names for all isomers. However the “International Union of Pure & Applied Chemistry” (IUPAC) provides a system for naming the substances with the most complex formula. In this system the branched molecule is treated as a derivative of the hydrocarbon represented by the longest carbon chain in that compound. Thus, normal pentane has no branches & its name is the same by the IUPAC method. However isopentane has four carbon atoms in its longest segment & since this four-carbon chain has a methyl group attached to the second carbon atom, the IUPAC name becomes 2-methylbutane. Similarly neopentane can be named 2,2-dimethylpropane since the longest chain consists of three carbon atoms with two methyl groups attached to the central carbon. See structural representation below :

CH3 –CH –CH2 –CH3   (isopentane or 2-methylbutane)    

          CH3 

           CH3 


CH3 –C –CH3               (neopentane or 2,2-dimethylpropane)    

          CH3 

 An important criterion in the naming system is that the numbering should be given with the configuration of lowest possible number to the attached methyl group on the branch.

 An important member of the paraffin or alkane family is the incorrectly named “isooctane” used as a standard in grading gasolines. Its structural formula is:

         CH3 

          

CH3 –C –CH2 –CH – CH3 

         CH3        CH3 

In the IUPAC nomenclature it would be called as 2,2,4 – trimethylpentane & not as 2,4,4-trimethyl pentane based on the lowest possible numbers assigned to the methyl groups on the branch.

Occurrence of Paraffins in Petroleums :

Normal paraffin hydrocarbons occur in varying proportions in most crude oils; in fact, paraffinic petroleums may contain 20 to 50% of normal paraffins in the gas oil fraction. The napthenic or asphaltic crude oils normally contain very small amounts of n-paraffins.

A large amount of isoparaffins is present in the gasoline fraction of a variety of crude oils. The 2- & 3-methyl derivatives are the most abundant & the 4-methyl derivative is present in small amounts, if at all, & it is generally accepted that the slightly branched paraffins predominate over the highly branched ones.

Although the isoparaffins do tend to occur throughout the boiling range of the various petroleum fractions, their proportion does tend to decrease with increasing boiling point.

2. Cycloparaffins (Napthenes) :

These are also saturated hydrocarbons with the general molecular formula CnH2n, which contain a “ring structure”. These are correctly called as alicyclic hydrocarbons. Another commonly used name in the petroleum industry is napthenes. Some of the common napthenes are cyclohexane, cyclopentane & decahydronaphthalene (decalin). Refer below for some structural formulas with the names :

                                           H3C      CH3  

          CH2                          

                                                   C 



CH2           CH2
  H2C             CH2             H2C           CH2                               CH2         CH              CH2   
  H2C            CH2              H2C           CH2                               CH2         CH              CH2 

           CH2                                                                                      CH2           CH2
Cyclohexane                     1,1-dimethylcyclopentane              decahydronaphthalene

                                                                                                        (decalin)

Occurrence of Napthenes in Petroleums :

Similar to paraffins, the proportion of napthenic hydrocarbons varies with the type of crude &, in general, napthenic compounds constitute a substantial amount of the whole crude. Napthenes are generally isolated from the gasoline range or fraction of the crude, since although being present in higher fractions the separation is more difficult.

Petroleum also contains polycyclic napthenes such as terpenes, & such molecules, often designated as bridge-ring hydrocarbons, even occur in the heavy gasoline fractions (b.p. 150-200° C). Normally fractions of crude are dominated by the 5- & 6- membered ring napthenes. This is because a) only 5- & 6- membered ring compounds have been isolated from the lower boiling fractions b) thermodynamic studies show that napthene rings with 5 & 6 carbon atoms are the most stable c) the napthenic acids contain chiefly cyclopentane, as well as cyclohexane rings.    

3. Olefins or Alkenes :

These have the general formula of CnH2n & the members of this series are said to be unsaturated. By unsaturation it is meant that all the valences of the carbon atom (carbon has four valences) are not occupied by a corresponding hydrogen atom. From representation point of view providing a double bond in the structural formula shows this.

The nomenclature as per IUPAC is that the olefin corresponding to the paraffin from which it is derived is named by removing “ane” from the paraffin & substituting it with “ene”. An example is given below :

CH3 –CH2 –CH3                   CH3 –CH =CH2
Propane                               Propene

The older system gave names by adding “ene” to the alkyl radical, e.g.

CH3 –CH =CH2                    CH3 –CH2 –CH =CH2
Propylene                            Butylene

To name the more complex members of this series, the location of the unsaturated (double)

bond is indicated by citing the number of the carbon atom preceding it. The carbon atoms are numbered from the end nearest to the double bond. The surname of the compound is the longest carbon chain that includes the unsaturated linkage. Thus, the hydrocarbon

                                             CH3      

                
                                  CH3 –CH –CH =CH2 

                                  4        3      2       1     

is numbered from right to left. The number three- carbon atom has substituent methyl radical & hence the correct name is 3-methyl-1-butene.

A subdivision in the olefins or alkene family is hydrocarbons having two double bonds called dienes. In naming derivative, or isomers, of dienes, the parent name is obtained by taking the longest chain containing both double bonds & the carbon atoms are numbered from the end closest to one of the double bonds. For example,

                                    1        2      3            

                                    CH2 =CH –C –CH2 –CH2 –CH3 


                                                4   CH                    

 
                                                5  CH3 

is 3-propyl-1, 3-pentadiene.

Occurrence of Olefins in Petroleums :

The presence of free olefins in crude oils is very low & in most cases it is absent. Also most of the olefin presence usually refers to distilled fractions where the cracking of heavier molecules may yield small quantity of olefins. As a corollary, any olefins if at all they are present in crude, tend to crack into simpler molecules when the crude is subjected to distillation. 

4. Acetylenes or Alkynes :

Another class of unsaturated hydrocarbons with the general molecular formula CnHn are called acetylenes & are centered around the occurrence of a carbon-carbon triple bond (-C(C-) within the molecule. For naming the acetylenes, the suffix “yne” is given to the stem derived from the corresponding alkane. Thus CH(CH would be called as ethyne as per IUPAC nomenclature. However it is more commonly known as acetylene & is the first stable member of the alkyne family of unsaturated hydrocarbons.

Like olefins & dienes these are rarely, if at all, found in natural petroleum again due to the instability & reactivity of the unsaturated bond.

5. Aromatics or Benzenes :

These are a very important class of hydrocarbon compounds that occur in petroleum with the basic building block called as benzene  & with the general molecular formula as C6H6. Benzene is basically a six-carbon ring or hexagon in which the carbon atoms are joined by alternate single & double bonds. The remaining single valence of each carbon holds one hydrogen atom at each corner of the hexagon. The benzene ring is highly symmetrical & is very less reactive than would be expected from the presence of the three unsaturated linkages. If one or more of the hydrogens of benzene are replaced by other atoms or groups, the structure is indicated by a hexagon with the formula for the substituent group shown in its particular position. Methylbenzene (toluene) is written as:

                                      CH3 

                                              

& can only have one structure. Another aromatic called Xylene, however, exists in three isomeric forms & each has different physical properties :

    CH3                                                            CH3                                                      CH3 

            CH3 

                                                                                 

                                                                              CH3                                                         

                                                                                                                                   CH3 

o-xylene                                                    m-xylene                                               p-xylene

1,2-dimethylbenzene                              1,3-dimethylbenzene                         1,4-dimethylbenzene

m.p. (° C) : -25                                        -47.8                                                   13.2

b.p. (° C) : 144.5                                     139.2                                                  138.4

Sp. gr. : 0.880                                          0.864                                                  0.860

Aromatic compounds with two or more fused rings also exist. The simplest member of this series is naphthalene, which structurally are two fused benzene rings. In naming derivatives of naphthalene, the carbons are numbered in the following manner : 

8 1

7 2

6 3

                                               5            4        

Positions 1- & 2- are often referred to as (- & (- :

                    CH3  

                                                                                                               CH3 

1-methyl naphthalene                                                 2-methyl naphthalene

(-methyl naphthalene                                                 (- methyl naphthalene

Derivatives of multi-ring condensed aromatic compounds such as anthracene & phenanthrene are also found in petroleum. However, derivatives of the non-condensed multi-ring compounds such as biphenyl & terphenyl are found rarely, if at all, in petroleum.

Occurrence of Aromatics in Petroleum :

All crudes contain aromatic compounds in varying proportions from 10 to 50% or even higher.

By far the majority of these aromatics contain paraffinic chains, napthene rings, & aromatic rings side by side.

In the crude fractions with higher molecular weight there is a general increase in the proportion of aromatic hydrocarbons. However, in the lower molecular weight petroleum fractions, aromatic hydrocarbons without the accompanying napthene rings or alkyl-substituted derivatives seem to predominate.

All known aromatics are present in gasoline fractions but the benzene content is usually low compared to the benzene homologues such as toluene, the xylenes etc.

Heavier petroleum fractions such as lubricating oils have aromatics as mixed aromatic-napthenic hydrocarbons.

B. Nonhydrocarbon Components :

Crude oils contain appreciable amounts of organic nonhydrocarbon constituents, mainly sulfur-, nitrogen-, & oxygen- containing compounds &, in smaller amounts, organometallic compounds in solution & inorganic salts in colloidal suspension. These constituents appear throughout the boiling range of the crude oil but do tend to concentrate mainly in the heavier fractions & in the nonvolatile residues.

Although their concentration in certain fractions may be quite small, their influence is important.

For example, the deposition of inorganic salts suspended in the crude can cause serious breakdowns in refinery operations; the thermal decomposition of deposited inorganic chlorides with evolution of free hydrochloric acid can give rise to serious corrosion problems in the distillation equipment. The presence of organic acidic components, e.g., mercaptans & acids, can also promote metallic corrosion. In catalytic operations, passivation &/or poisoning of the catalyst can be caused by deposition of traces of metals (vanadium, nickel) or by chemisorption of nitrogen-containing compounds on the catalyst, thus necessitating the frequent regeneration of the catalyst or its expensive replacement.

The presence of traces of nonhydrocarbons may impart objectionable characteristics in finished products such as discoloration or lack of stability on storage or reduction in effectiveness of antiknock additives.

1. Sulfur Compounds :

These are amongst the most important heteroatomic constituents of petroleum. Sulfur compounds of various types can exist in crude depending upon the geological environment of the crude oil field & also on the basic characteristics of its formation. The quantum of sulfur compounds in crudes can be generalized by the statement that: “the higher the density of the crude oil (or the lower the API gravity of the crude oil) the higher the sulfur content”. The total sulfur in the crude can vary from, 0.04% for a light paraffin oil to about 5.0% for a heavy crude oil.

The following table gives the various types of sulfur compounds possibly found in crudes & distillates.

H-S-H
Hydrogen Sulfide

Mercaptans : 

H-S-CH3 

 H-S-C6H5 
Methyl mercaptan

Phenyl mercaptan

Sulfides : 

CH3 –S –CH3 

 C4H9 –S – C4H9
Dimethyl Sulfide

Di-n-butyl sulfide

Disulfides :

CH3 –S –S –CH3
Dimethyl disulfide

Cyclic sulfides :

CH2 

                          CH2            CH2   

                          CH2            CH2                             

                                     S
Thiacyclohexane

(Pentamethylene sulfide)

Alkyl sulfates :

                CH3 –O           O

                         S

                 CH3 –O            O


Dimethyl sulfate

Sulfonic acids :

                 CH3              O              

                      S

             H –O           O 


Methyl sulfonic acid

Sulfoxides :                 O

CH3 –S –CH3  


Dimethyl sulfoxide

Sulfones :                    O

CH3 –S –CH3 

O


Dimethyl sulfone

Thiophenes:

CH        CH

                            CH          CH

                                     S     

  
Thiophene

The presence of sulfur compounds in finished petroleum products often produces harmful effects. For example, in gasoline, sulfur compounds are believed to promote corrosion of engine parts, especially under winter conditions, when water containing sulfur dioxide from the combustion may accumulate in the crankcase. In addition, mercaptans in hydrocarbon solution cause the corrosion of copper & brass in the presence of air & also affect lead* susceptibility & color stability. Free sulfur is also corrosive, as are sulfides, disulfides, & thiophenes, which are detrimental to the octane number response to tetraethyl lead*. In diesel fuels, sulfur compounds increase wear & can contribute to the formation of engine deposits. In lubricating oils a higher content of sulfur compounds lowers their resistance to oxidation & increases deposition of solids.

* Lead compounds including the well known tetraethyl lead are now banned as fuel anti-knock additives as per current international practices in order to prevent harmful lead emissions & have been replaced with other suitable & environment friendly anti-knock agents. 

In a nutshell, a high sulfur content is generally considered to be harmful in most petroleum products & the removal of sulfur compounds, or their conversion to less deleterious types, is an important part of refinery practice.

2. Oxygen Compounds : 

 Oxygen in organic compounds can occur in a variety of forms (see table below), & many of these oxygen containing organic compounds occur in petroleum & its fractions. Normally oxygen percentage in terms of ultimate analysis is 2% or below for most crudes but exceptionally, higher percentages have also been found. A very high oxygen content is also indicative that the oil has suffered prolonged exposure to the atmosphere either during or after production. Another  generally observed phenomena is that the oxygen content increases with the boiling point of the crude fractions, with the nonvolatile residua having an oxygen content as high as 8% by weight. 

The structure of the oxygen containing high molecular weight compounds in the high b.p.

fractions are little known whereas the low molecular weight compounds have been studied extensively & have been found to contain carboxylic acids & phenols.

Since oxidation of petroleums due to dissolved or ambient oxygen is a common phenomena, it is difficult to classify any crude or its fraction solely on the basis of oxygen content.

Table for Nomenclature of common organic oxygen compounds.

Alcohols:

CH3 –O –H 

C6H5 –O –H
Methyl alcohol

Phenyl alcohol (phenol)

Ethers:

CH3 –O –CH3 

C6H5 –O –C6H5 
Dimethyl ether

Diphenyl ether

Cyclic ethers:

                                 CH2 

                             CH2        CH2 

                             CH2        CH2 

                                    O


Tetrahydropyran

(Pentamethylene oxide)

Carboxylic acids :      O

CH3 –C –O –H 
Acetic Acid



O

C6H5 –C –O –H
Benzoic acid

Carboxylic acid anhydrides :

                              O        O

CH3 –C –O –C –CH3
Acetic anhydride

Carboxylic acid esters :

                                O

                       CH3 –C –O –C2H5 


Ethyl Acetate

Ketones :                O  

                      CH3 –C –CH3 
Dimethyl ketone (acetone)



Furans :

CH        CH

CH        CH

                                  O

                                            O
Furan

Benzofuran

3. Nitrogen Compounds :

Nitrogen in petroleum may be classified arbitrarily as basic & non-basic. The basic nitrogen compounds, which are composed mainly of pyridine homologues & occur throughout the boiling ranges, have a tendency to exist in the higher boiling fractions & residua. Similarly the non-basic nitrogen compounds which are generally of the pyrrole, indole & carbazole types, also occur in the higher boiling fractions & residua. The following table gives the various types of nitrogen compounds possibly found in crudes & distillates :

Table for nomenclature & types of the common organic nitrogen compounds


                                       N


Pyridine


                                              N


Quinoline


                                                        N

                      
Isoquinoline


                                    N

                                    H                                    
Pyrrole


                                               N

                                               H 


Indole


                                           N

                                           H

                                                                                   
Carbazole

In general, the nitrogen content of petroleums is low & generally falls within the range 0.1 to 0.9%, although certain crudes have been reported with nitrogen content as high as 2.0%. Many crudes have also been reported with no detectable, or trace amounts of nitrogen. Another general approximation is that, the more asphaltic the oil, the higher its nitrogen content.

The nitrogen content of the crude oil can be co-related with the API gravity in a manner similar to that of sulfur (see figure below). It follows that there is an approximate correlation between the nitrogen content & the carbon residue- the higher the carbon residue, the higher the N2 content.

Nitrogen compounds in petroleum are harmful during refining operations. They can lead to poisoning of cracking catalysts & they also contribute to gum formation in products such as domestic fuel oil. With the trend of cutting deeper into the crude to obtain heavier stocks for catalytic cracking, the problem of nitrogenous organic compounds during processing has increased.

The basic nitrogen compounds can be removed by extraction with dilute mineral acids. However, the higher molecular weight or non-basic nitrogen compounds are difficult to remove due to unfavorable partition between the oil & aqueous phases.


                          The relationship of nitrogen content of crude oils to API gravity.

A sub-class in the nitrogen containing organic compounds found in petroleums is porphyrins (nitrogen-metal complexes) & these are considered as non-basic nitrogen compounds. Amongst the metal complexes of porphyrins are complexes of vanadium & nickel, metals, which are particularly detrimental in terms of deposits & catalyst poisoning.                  

4. Metallic constituents : 

Although metals are present in very small quantities as organometallic complexes or metallic soaps in petroleum & its fractions, these are of considerable importance to the refining & processing industry.

Even minute amounts of iron, copper, & particularly nickel & vanadium in the charging stocks for catalytic cracking, affect the activity of the catalyst & result in increased gas & coke formation & reduced yields of gasoline.

In high-temperature power generators, such as oil-fired gas turbines, the presence of metallic constituents, particularly vanadium in the fuel, may lead to ash deposits on the turbine rotors, thus reducing clearances & disturbing their balance.

In furnaces/fired heaters, the ash resulting from combustion of fuels containing sodium & especially vanadium reacts with refractory linings to lower their fusion points, & thus cause their deterioration.

The following table gives the complete list of metal elements & their approximate range in petroleum :

Element
Range in Petroleum, ppm

Cu
0.2 – 12.0

Ca
1.0 – 2.5

Mg
1.0 – 2.5

Ba
0.001 – 0.1

Sr
0.001 – 0.1

Zn
0.5 – 1.0

Hg
0.03 – 0.1 

Ce
0.001 – 0.6

B
0.001 – 0.1

Al
0.5 – 1.0

Ga
0.001 – 0.1

Ti
0.001 – 0.4

Zr
0.001 – 0.4

Si
0.1 – 5.0

Sn
0.1 – 0.3

Pb
0.001 – 0.2

V
5.0 – 1500

Fe
0.04 – 120

Co
0.001 – 12

Ni
3.0 – 120

Crude distillation concentrates the metallic constituents in the residues though some can appear in the higher boiling distillates partly due to entrainment & partly due to volatilization of the organometallic compounds in the crude.  When treating residual stocks, it is common practice to precipitate the majority of vanadium, nickel, iron & copper along with the asphaltenes by hydrocarbon solvents. Thus, removal of the asphaltenes with n-pentane reduces the vanadium content of the oil upto 95% with substantial reductions in the amounts of iron & nickel. 
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