ME529 Combustion and Air Pollution

Topic 02. Fuel and Organic Chemistry
Organic fuels abound.   The C - C bond is strong (heat of formation is -83 kcal) compared to other compounds that can form four covalent bonds (the heat of formation of Si - Si bonds is -42 kcal).  Hence, C atoms can bond together to form long chains.   C bonds with other atoms are also strong (Masterton and Slowinski, 1973):

· C - H
-99 kcal

· C - O
-85 kcal

· C - N
-70 kcal

The energy held in these bonds is released during combustion as light and heat.  Conversely, hydrocarbons are also formed in flames since no combustion process is 100% complete.

II.1 A Brief Introduction to Organic Chemistry

The simplest fuel in widespread use is natural gas, which is mostly methane but includes varying amounts of other gaseous compounds (ethane, propane) depending on its source.  The table below illustrates the varying composition of common gaseous fuels.

Table II.1 Composition of Gaseous Fuels (Flagan and Seinfeld, 1988)

	
	CH4
	C2H6
	C3H8
	Other

HCs
	CO
	H2S
	N2
	CO2
	Heating Value

(106 J/m3)

	Natural Gas
	
	
	
	
	
	
	
	
	

	Sample 1
	77.7
	5.6
	2.4
	1.8
	-
	7.0
	-
	-
	NA

	Sample 2
	88.8
	6.4
	2.7
	2.0
	
	0.0004
	-
	0
	41.9

	Sample 3
	59.2
	12.9
	-
	-
	-
	-
	0.7
	26.2
	30.7

	Sample 4
	99.2
	-
	-
	-
	-
	-
	0.6
	0.2
	36.3

	Refinery Gas
	
	
	
	
	
	
	
	
	

	Sample 1
	41.6
	20.9
	19.7
	15.6
	-
	2.2
	-
	-
	68.6

	Sample 2
	4.3
	82.7
	13.0
	-
	-
	-
	8.4
	2.2
	67.1


Notes: Heating values determined at STP: 101 kPa, 25(C.  Natural gas sample #2 was 'sweetened,' that is, H2S was removed.

This leads into a brief discussion of organic chemistry and its nomenclature - note that the classification of organic fuels provides clues to their fire behavior.

Hydrocarbons (contain only C and H) are classified as either

1. aliphatic - straight/circular/branched structure; or

2. aromatic - benzene ring structure

Aliphatic hydrocarbons are further classified as

1. alkanes - CnH2n+2         C - C     fuel molecule contains all single C to C bonds

2. alkenes - CnH2n           C = C     fuel molecule contains at least one C to C double bond; may also contain C to C single bonds

3. alkynes - CnH2n-2          C 

 C    fuel molecule contains at least one C to C triple bond; may also contain C to C single and/or double bonds

The aliphatic alkanes are also called paraffins and the C atoms are saturated with H atoms (that is, each C atom is saturated with as many H atoms as possible - this implies that there are no double or triple bonds between C atoms).

methane -- CH4    




ethane --  C2H6  or  CH3CH3 




Propane has three saturated carbon atoms.  Butane has four and can exist either as a straight chain (n-butane where the n stands for normal) or as a branched chain (isobutane or methyl-propane).  The branching changes the structure of the molecule and its physical properties (the boiling point of n-butane is -0.5 C whereas that of isobutane is lower

at -10 C).

Alkanes with more C atoms can form more isomers.  Some of these isomers are used as gasoline additives to control vaporization.   The naming convention when more than one branch placement off the main C chain consists of numbering the main branch C atoms.  The numbering starts with the end of the chain closest to the branch. 
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3 methyl hexane

The HCs that contain double bonds between C atoms, the alkenes, are also called olefins.  They are unsaturated and are more reactive than paraffins.

ethene or ethylene -- C2H4 or CH2=CH2




The location of the double bond is indicated in the name of higher-chain olefins.  For example,

C - C - C = C
1 butene

The main branch is the one with the double bond and takes precedence in the C numbering.




3 ethyl 4 methyl 1 pentene

The alkynes are also unsaturated.

ethyne or acetylene -- C2H2 or CH

CH




The naming convention for alkynes follows similar rules to those for alkanes and alkenes.

 C - C - C - C 

 C - C
2 hexyne

Aromatic HCs contain a ring structure.  The inner circle represents a double bond between every other C atom pair. 

benzene -- C6H6



The aromatics can form chains.




napthalene




anthracene

The aromatics can also form aliphatic side chains.




methyl benzene (toluene)

Ring chains with an offset structure are of particular interest because the presence of the “bay area” causes the compounds to be more toxic than straight ring chains.




phenanthrene

For example, phenanthrenes are mutagens and possible carcinogens.

What is important to remember is the impact of molecular structure on the physical properties of the fuel. As the number of aliphatic C atoms in a molecule increase, the number of isomers also increases.  The resulting side chains snap off during combustion, creating HC radicals (HCs with one H missing):

fuel

radical


formula

methane
methyl radical

CH3
ethane

ethyl radical

CH3CH2
For the straight-chain aliphatics, as the number of C atoms increases the boiling point of the fuel increases (Drysdale, 1985):

fuel


methane 
ethane

n-butane
n-octane
no. of C atoms

1

2

4

8

boiling point
 
-161 C

-88.6 C
-0.5 C

125.7 C

II.2 Oxygenated Hydrocarbons

II.2.1 In alcohols, one of the H atoms is replaced with an OH group.  The simplest alcohol is methanol (wood alcohol) or methyl alcohol (CH3OH).
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methyl alcohol (methanol)
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ethyl alcohol (ethanol)




2 propanol or isopropyl alcohol or isopropanol (rubbing alcohol)




phenol

note - cholesterol is an alcohol

Ethers, like alcohols, contain a single oxygen atom but it is bonded between two C atoms instead of attached to only one.  Dimethyl ether, until recently used in oxygenated gasoline, will lower the amount of CO produced in combustion since additional oxygen is introduced intimately with the fuel.  However, oxygenated gasoline is more volatile than regular gasoline and evaporative losses contribute to smog formation.  Unleaded gasoline contains more aromatics than leaded gasoline in an attempt to achieve the same “no-knock” properties of leaded gasoline.  We will discuss gasoline formulations in more detail later in the course.

CH3 - O - CH3
dimethyl ether

II.2.2 Aldehydes and ketones are related in the same way that alcohols and esters are.  Both contain a carbonyl group.  In aldehydes, the carbonyl group is bonded to one C atom.  In ketones, the carbonyl group is bonded to two C atoms.




carbonyl group




formeldehyde

Formeldehyde is the simplest aldehyde and a significant contributor to smog.  




acetaldehyde

Alcohol powered automobiles can emit a significant amount of aldehydes.  




acetone

Acetone is the major ingredient in nail polish remover.

II.2.3 Carboxylic acids and esters are also related in the same manner as aldehydes and ketones, and alcohols and ethers.  The carboxyl group is an oxygenated alcohol.




formic acid

Formic acid is the simplest of the carboxylic acids.  Incidentally, formic acid causes the sting of a red ant’s bite and its name is derived from the German word for ant.




acetic acid

Acetic acid is commonly known as vinegar.   Other carboxylic acids are propionic acid (3 Cs), butyric acid (or rancid butter - the odor of dirty feet; the literal German translation for this acid is ‘sour butter’), citric acid (lemon juice), and benzoic acid.




benzoic acid

The carboxyl group in an ester is bonded to two C atoms.




Here, R refers to an HC chain of undetermined length.

II.2.4 Many organic hydrocarbons can serve as monomer building blocks to form long polymer chains.  Some have H atoms replaced by N, Cl, F, Br, etc. and create entirely different compounds with different properties.  These compounds are common in many useful materials.  The most important ones for combustion engineers are those likely to be encountered in waste incinerators and are listed in the table below.

Table II.2.4.1 Common Polymers Found in Waste Incinerators

	Monomer
	Name
	Polymer

	H2C==CH2

	ethylene
	polyethylene

	           H

            |

H2C==C

            |

           CH3
	propylene
	polypropylene

	           H

            |

H2C==C

            |

           Cl
	vinyl chloride
	polyvinyl chloride

PVC

	           H

            |

H2C==C

            |

           CN
	acrylonitrile
	polyacrylonitrile 
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	styrene
	Polystyrene

Styrofoam™

	           CH3
            |

H2C==C

            |

           O-C==O

                 |

                CH3
	methyl methacrylate
	polymethyl methacrylate

Plexiglas(

	F2C==CF2

	tetrafluoroethylene
	polytetrafluoroethylene

Teflon(


I.2.4 Why all the Organic Chemistry?  We’re Engineers!

There are several reasons we need to become more familiar with compounds.  One reason is that engineers need to know what they are burning. Another reason is to better understand the impact of products of combustion.

The photochemical smog mechanism requires nitrogen dioxide and hydrocarbons.  The mechanism produces ozone and HCs like PAN (peroxyacetyl nitrate, an ingredient in tear gas).   With some basic chemistry, we can understand the smog mechanism.  Simple models can demonstrate the impact on smog formation caused by engineers: reformulated gasoline, oxygenated gasoline, three-way catalytic converters, activated charcoal filters to capture fugitive gasoline tank vapors, active fugitive fume removers at filling stations, and low-NOx burners.

Photochemical Smog Formation Mechanism

NO2 + hv ===> NO + O

initiation: NO (combustion product) is easily

O + O2 + M ===> O3 + M 

oxidized to NO2 in the environment.  A photon

O3 + NO ===> NO2 + O2

releases an O radical that forms O3 and more 





NO2.

O + HC ===> SP + R


The O radical will also react with HCs to form 

O3 + HC ===> SP + R

stable products (SP) and HC radicals (R).  The

R + HC ===> SP + R


SPs include formeldehyde and PAN.

R + NO ===> R + NO2

Termination reactions can break the chain

R + NO2 ===> SP


of the initiation reactions.

We will revisit the photochemical smog reactions in more detail later in the class.  You should also realize that many compounds that contribute to smog formation occur in nature.  The haze that gives name to the Great Smoky Mountains National Park is created in part by the release of (-pinene and (-pinene, 10 carbon alkene isomers released by fir trees.

II.3 Practical Solid and Liquid Fuels

The composition of liquid and solid fuels is generally less well known than that of gaseous fuels.  Most liquid fuels are complex mixtures of many, many HC species.  Composition data is generally reported as an ultimate analysis, rather than as a list of individual HCs.  The ultimate analysis measures the elemental composition of the fuel: the mass fractions of C, H, O, N, S, and ash (inert).  The overall heating value of the fuel (assuming 100% combustion and measured in a bomb calorimeter) is also reported.

Table II.3.1 Composition of typical liquid fuels (Flagan and Seinfeld, 1988)

	Fuel
	Weight Percent
	Ash
	Specific Gravity
	Heating Value (106 J/kg)

	
	C
	H
	N
	O
	S
	
	
	

	Kerosene
	86.5
	13.2
	0.1
	0.1
	0.1
	Trace
	0.825
	46.4

	Fuel Oil
	
	
	
	
	
	
	
	

	Sample 1
	86.4
	12.7
	0.1
	0.1
	0.4 - 0.7
	Trace
	0.865
	45.5

	Sample 2
	85.6
	11.7
	0.3
	0.4
	< 2
	0.05
	0.953
	43.4

	Sample 3
	85.7
	10.5
	0.5
	0.4
	< 2.8
	0.08
	0.986
	42.5


The composition of solid fuels, such as coal, is determined by an ultimate analysis and is also characterized by a proximate analysis (also called gravimetric analysis).  The amount of moisture, volatiles, fixed carbon and minerals (noncombustible inorganics found in ash) are determined.  

Table II.3.2 Composition of selected solid fuels

	Fuel
	Weight Percent
	Heating Value (106 J/kg)

	
	Proximate Analysis
	Ultimate Analysis
	

	
	C
	Vol.
	Mois.
	Ash
	C
	H
	N
	O
	S
	

	Meta-anthracite (RI)
	65.3
	2.5
	13.3
	18.9
	64.2
	0.4
	0.2
	2.7
	0.3
	21.7

	Anthracite (PA)
	77.1
	3.8
	5.4
	13.7
	76.1
	1.8
	0.6
	1.8
	0.6
	27.8

	Semianthracite (PA)
	78.9
	8.4
	3.0
	9.7
	80.2
	3.3
	1.1
	2.0
	0.7
	31.3

	Bituminous (PA)
	70.0
	20.5
	3.3
	6.2
	80.7
	4.5
	1.1
	2.4
	1.8
	33.3

	High-volatile bituminous
	
	
	
	
	
	
	
	
	
	

	PA
	58.2
	30.3
	2.6
	9.1
	76.6
	4.9
	1.6
	3.9
	1.3
	31.7

	CO
	54.3
	32.6
	1.4
	11.7
	73.4
	5.1
	1.3
	6.5
	0.6
	30.7

	KY
	45.3
	37.7
	7.5
	9.5
	66.9
	4.8
	1.4
	6.4
	3.5
	28.1

	IL
	39.1
	40.2
	12.1
	8.6
	62.8
	4.8
	1.0
	6.6
	4.3
	26.7

	Subbituminous (CO)
	45.9
	30.5
	19.6
	4.0
	58.8
	3.8
	1.3
	12.2
	0.3
	23.6

	Lignite (ND)
	30.8
	28.2
	34.8
	6.2
	42.4
	2.8
	0.7
	12.4
	0.7
	16.8

	Brown coal (Australia)
	15.3
	17.7
	66.3
	0.7
	
	
	
	
	0.1
	8.6

	Douglas fir
	17.2
	82.0
	35.9
	0.8
	52.3
	6.3
	0.1
	40.5
	0
	21.0


Those of you interested in taking the PE licensing exam some day should note that there may well be a question where the analysis of a coal or fuel oil is given and you are asked to calculate the amount of air needed for theoretical combustion, combustion product temperatures, volume of stack gas produced, etc. 
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APPENDIX A.  Summary of organic compounds

	Aliphatic
	
	
	

	
	Alkane
	All single
	

	
	Alkene
	At least one double bond
	

	
	Alkyne
	At least one triple bond
	

	Aromatic
	
	Ring structure with double bonds
	

	Oxygenated HCs
	
	
	

	
	Alcohol
	O atom bonded to one C atom
	O-H

	
	Ether 
	O atom between two C atoms
	

	
	Aldehyde
	Carbonyl group bonded to one C atom
	C=O

	
	Ketone
	Carbonyl group bonded between two C atoms
	

	
	Carboxylic acid
	Carboxyl group bonded to one C atom

(oxygenated alcohol)
	C=O

 |

OH

	
	Ester
	Carboxyl group bonded between two C atoms
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