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Technical Objectives:
· Describe qualitatively, the overall scheme of oxidation of all hydrocarbons
· Explain why we it is important to distinguish between “wet” and “dry” CO oxidation.

· Describe qualitatively, the oxidation of H2, CO, alkanes, aromatics and alcohols.
· Discuss the difference between low temperature and high temperature hydrocarbon chemistry using the explosion limit diagram for alkanes.
· Explain how low temperature hydrocarbon reactivity contributes to negative temperature coefficient (NTC) behavior and engine knock. 
1. The General Hierarchy of Hydrocarbon Oxidation

For all hydrocarbon oxidation, the following general reaction scheme is basically true:

Note: All of the fuel proceeds through CO before it goes to CO2. But, most of the heat release occurs as CO is converted to CO2. 

If one were to measure all stable chemical species in a premixed flame, for example, it would look something like this:

2. Crash Course in Organic Chemistry

Before learning how hydrocarbons react with oxygen in flames, we must first go over some nomenclature for the different classes of hydrocarbons.

2.1. Alkanes (paraffins): These molecules consist of carbon atoms which are all connected by   single bonds and are saturated with hydrogen atoms (i.e. no more hydrogen can be added to these molecules).

2.2 Alkenes (Olefins): have at least one double bond.

2.3. Alkynes (acetylenes): have a triple bond.

2.4. Cycloalkanes (cycloparaffins): have all single bonds, but are connected into a ring.

2.5. Aromatics:  The building block for aromatic compounds is the benzene ring, which has many possible structures and is therefore very stable:

The ring structure is written in shorthand as:

Examples:

2.6 Alcohols are organic molecules which contain a hydroxyl group (-OH).

2.7 Aldehydes are organic molecules that contain the formyl group (-HCO).

2.8 Esters are gaining in importance in combustion because biodiesel is comprised of methyl esters (or ethyl esters) produced from vegetable oil and animal fat.

3. The Oxidation of CO/H2/O2 

We have already looked at H2/O2 chemistry.  The next level up on the hydrocarbon chemistry hierarchy is CO oxidation.  The oxidation of CO is a key step, because it has been found that:

happens very quickly in flames.  Whereas:

happens very slowly, but results in most of the heat release.  So, it is the conversion of CO to CO2 that is actually the rate-determining step in most hydrocarbon combustion systems.

3.1 Dry CO Oxidation
Early experiments on the explosion limits of CO/O2 were conducted similar to those that were done with H2/O2, and in fact, explosion limits are observed for CO/O2.  
Consider for a minute, the situation of CO oxidation without any water, H2 or H present:

(n6.1)
(n6.2)
This system is not chain branching and CO and O2 are very stable.  This reaction would take a long, long time.  Early researchers spent a lot of time trying to figure out why explosion limits were observed at all for this system!  

The problem with these experiments is that it is almost impossible to do the experiments without at least some H2O present.  And, as it turns out, even a little (approx. 10 ppm) water will accelerate the oxidation of CO dramatically.  In fact, in just about all combustion systems that anyone cares about, there is enough hydrogen around to accelerate things.  

We call this system, "wet" CO oxidation.

3.2 Wet CO Oxidation

On earth, there is always enough hydrogen around to accelerate the CO system.  In the presence of hydrogen:
(n5.2)
(n6.3)
(n6.2)

Note:  the H atom is just a catalyst it is not really consumed. But, it helps move along the CO oxidation.

The key step in wet CO oxidation is:

(n6.3)
And, in fact, this step is a key step in all of hydrocarbon oxidation, since, as mentioned above it is very slow (and thus often the rate determining step), but also it is responsible for much of the heat relase.  This is a weird reaction, though.  A plot of the measured reaction rate constant on a log(K) vs. 1/T plot shows that it cannot be expressed in a typical Arrhenius form:

3.3. Comprehensive Mechanism for CO/H2/O2 (Reprinted from Glassman, 1996)
[image: image1.jpg]TABLE 2 CO/H,/0, Mechanism*

A n E
CO and CO; Reactions
21 CO+0+M=C0O,+M 2.51 x 103 0.00 —19.00
CO+ 0O+ Ar==CO0O; + Ar 2.19 x 1013 000 —19.00
22 CO4+0;=2C0,+0 2.53 x 1013 0.00 199.53
23 CO+OH<=CO,+H 1.50 x 107 1.30 —3.20
24 CO+HO,=2C0, +OH 6.02 x 1013 0.00 96.02
HCO Reactions
25 HCO+M=—H+CO+M 1.86 x 1017 —1.00 71.13
kH2 = kco = 1.9 x kM, k}{zo =8 x kM,
kco, = 2.8 x km(kcn,0 = kcHson = ken, = 8 X km)
HCO + Ars===H + CO + Ar 1.86 x 1017 —1.00 71.13
2.6  HCO + 0; =2 CO + HO, 7.58 x 10"? 0.00 1.72
27 HCO+HZ=CO+H, 7.23 x 10'3 0.00 0.00
28 HCO+0<==CO+OH 3.00 x 10*  0.00 0.00
29 HCO+0=CO;+H 1.00 x 10'3 0.00 0.00
2.10 HCO + OH == CO + H,0 3.00 x 1013 0.00 0.00
2.11 HCO+4+HO, ==CO, +OH+H 3.00 x 10!3 0.00 0.00
2.12 HCO +HCO ==H, +CO + CO 3.00 x 10'? 0.00 0.00

“4Reaction rates in cm® mol kJ units, k = AT" exp(—E/RT)

Source. Kim, T. ], Yetter, R. A., and Dryer, F. L., New Results on Moist CO Oxidation: High Pres-
sure, High Temperature Experiments and Comprehensive Kinetic Modeling, Twenty-Fifth Symposium
(International) on Combustion, The Combustion Institute, Pittsburgh, PA, 1994, pp. 759-766.




4. Alkane Chemistry 

As was observed for Hydrogen and Carbon Monoxide, explosion limits also exist for hydrocarbons. Consider the experimental results for methane, ethane and propane:

Note:  for a given pressure, the larger the molecule the lower the temperature at which explosion occurs.  Why?

Consider the above curve for propane (it would be similar for larger alkanes):

Notes:

a. For a given pressure, as temperature is increased the mixture at first does not explode (point 1). If temperature is increased, it explodes (point 2).  If temperature is increased further, it does not explode (point 3).  Continue to increase temperature (point 4) it explodes.

b. The region around point 2 is called the "cool flame" region because in these explosion limit type experiments, it is possible to observe flames propagating from the walls of the vessel inward.

c. The region between points 2 and 3 is referred to as the negative temperature coefficient (NTC) region, since as temperature is raised, the overall reaction rate actually decreases.

d. The low temperature "cool flame" chemistry is important in automobile engine knock, since the fuel/air mixture increases to these temperatures during the compression process.

4.1 Low Temperature (Cool Flame) Alkane Chemistry 

At low temperatures, alkanes are oxidized by directly reacting with the O2 molecule.  Consider n-heptane as an example (note: the same mechanism would be true for all alkanes greater than CH4)

4.1.1 Initiation Step

(n6.4)
The n-alkyl radical is unstable at higher temperatures (as we shall see later), but at low temperatures, the n-alkyl radical is sufficiently stable such that it can undergo two different reaction paths: one route leads to chain branching and other leads to chain termination. 

4.1.2 Termination Route.  If an O2 removes an H-atom from a carbon atom one-removed from the original site, this actually slows the reaction down, which contributes to the NTC region on the explosion limit plot:
(n6.5)

4.1.3 Branching Route.  If, however, an O2 attached itself to the radical site, this ultimately leads to chain branching:
(n6.5a)
The O-O in the C7H15O2 formed in reaction (n6.5a) is actually attached perpendicular to the C-C bonds:

This peculiar geometry is conducive to internal isomerization.    Specifically, the O-O portion of the molecule can actually "bite itself" and grab an H from one of the C- bonds:

As we learned from the H2 - O2 system in the previous set of notes, the O-O bond in the -OOH group is very weak, and so an OH radical is readily liberated, resulting in the following overall reaction, which is chain branching!

(n6.5b)

Once the above chain-branching route has created OH radicals, they quickly attack the fuel and break it down further:
(n6.5c)
Internal Isomerization, Engine Knock and Octane Number
Note that, because of the low temperature chemistry described above, straight chain alkanes are more reactive than branched chain alkanes at low temperatures.
Octane Number

Octane number is a measure of the tendency for homogenous explosion (engine knock) to occur in an internal combustion engine. Consider the two molecules:

2,2,4 Trimethyl Pentane (Octane #  = 100)          vs.          n-octane (Octane # = -20)
Both are C8H18 and both have approximately the same thermodynamic and transport properties yet, n-octane is much more susceptible to engine knock.

Why?

1. Isomerization

2. C-H Bond Strengths

4.2 High Temperature Alkane Chemistry

At high temperatures, the larger alkanes actually thermally decompose faster than they react with O2 via reaction (n6.4). The general steps of high temperature alkane chemistry (for all CnH2n+2 greater than n=2) are:

In general, since alkanes quickly break down into smaller olefins, if we understand the oxidation of olefins, we understand it all!

4.2.1 Chain Initiation

At high temperatures, the parent fuel (e.g. n-heptane) thermally decomposes into radicals, so that fuel + O2 is no longer important.  For example:
(n6.6)
4.2.2 Chain Propagation

Once some radicals have been created, H atoms are quickly removed from the fuel via radical attack:

 (n6.7)
At higher temperatures, the alkyl radicals created by the above H-atom abstraction reactions are extremely unstable.  They break down according to the -scission rule. 

4.2.3 -scission

The -scission rule says that the C-C bond one removed from the C with the H missing is the weakest bond in the alkyl radical.  Therefore, this bond will break first, resulting in two smaller radicals….and one of the radicals turns into an olefin!  

For example, consider 2-heptyl:

(n6.8)
Thus, according to the -scission rule, at high temperatures, 2-heptyl quickly decomposes into a propene, an ethene and a C2H5 radical:

Example:
Using the -scission rule, develop a reaction that describes the decomposition of 3-heptyl radical:

In summary, the -scission rule is extremely powerful.   It can be used to quickly evaluate the products into which the parent fuel will quickly decompose, which in the case of n-alkanes will be olefins, CH3 and C2H5.  

What happens to the CH3 and C2H5? 

CH3 goes back and attacks the parent fuel and forms methane:

(n6.9)
C2H5 is the most stable alkyl radical of all.  It actually reacts with O2 instead of undergoing -scission:

(n6.10)

So, we have found that the large alkanes quickly break down into smaller olefins.  The question is, how are the olefins converted into CO and CO2?

4.2.4 Olefin, Acetylene and Aldehyde Chemistry

Olefins (for example, ethene) are converted to both aldehydes and acetylene.

The Aldehyde Route

The olefin (for example ethene) can react with an O-atom:

(n6.11)
Resulting in formaldehyde + CH2 or formyl radical + CH3.

The above reaction suggests that plenty of formaldehyde(H2CO) and HCO are created during combustion (also note that we are getting close to having a CO molecule, which in turn can be converted to CO2):

The C-H bond in an aldehyde is the weakest C-H bond around, so the formaldehyde (or any other aldehyde) will thermally decompose or react with an O2 as follows:

Since the C=O bond is very strong (204 kcal/mole), the H-C bond is the first to go in HCO:

So, finally, we have some CO.

The Acetylene Route

Ethene can also be attacked by an H or OH radical:

(n6.12)
Resulting in a vinyl radical (C2H3).

Vinyl Radical

The vinyl radical is then converted to acetylene via combination with an O2 or via thermal decomposition:

(n6.12)
Acetylene

The acetylene is oxidized by O-atom:

(n6.13)
Resulting in CH2 and CO.

CO oxidation

Now, we finally have some CO, which is converted into CO2 by the following reaction:

4.2.5 Summary

So, in summary we have the following oxidation scheme for high temperature alkane oxidation:

Initiation (Thermal Decomposition)

Propagation (H-atom abstraction via radical attack, followed by -scission) 

Olefins → Aldehydes and Acetylene → CO → CO2
5. High Temperature Methane (CH4) Oxidation

Although methane is the simplest alkane, it does not oxidize by the same mechanism as all the other larger alkanes.  

Why?

Initiation Step

The only possible initiation step is:

(n6.14)
But this step is pretty slow, because the methane C-H bonds are very strong.

Chain Propagation

Once you create some H atoms from the above reaction, H + O2 chain branching kicks in and methane is destroyed via H-atom abstraction:

(n6.15)
The problem is, what happens to all of these methyl radicals (CH3)?

It is believed that the main route of oxidation of CH3 is:

(n6.16)
The methoxy radical (CH3O) is very unstable and is quickly converted to formaldehyde:

(n6.17)
And we know how formaldehyde is converted to formyl radical, which is then converted to CO:

Summary
Methane oxidation is different from all other alkane oxidation because of the slow initiation step and the creation of all the methyl radicals, which stick around a long time.

5.1 C2H6 and Soot Production

Since lots of CH3 is produced, and it sticks around a long time, a lot of it recombines to create ethane:

(n6.18)
As we will learn later, it is the recombination of smaller things into larger things that results in production of soot!

6. Alcohols: Methanol Oxidation

Physically, methanol (CH3OH) looks a lot like methane:  

But, its oxidation mechanism is much simpler and it burns much cleaner, producing no soot at all.  Why?

Initiation Step

The bond strengths for methanol are as follows:

So, based on bond strength, the most probable initiation step is:

(n6.18)
Chain Propagation

Once some radicals have been created, methanol is converted quickly to CH2OH, formaldehyde, etc. by radical attack:

(n6.19)
(n6.20)
The formaldehyde is converted to formyl radical, and then to CO, to CO2.  

So, methanol oxidation is very simple.  In summary:

Methanol as a fuel.

Positives:

Negatives:
