CE 170: Environmental Engineering

Background Notes on Biochemical Oxygen Demand (Johnston)

Let's think about how we might measure organic material.  If the material was a single substance, such as sucrose (table sugar), we could chemically isolate and measure the amount of sucrose.  But suppose we wanted to measure a mixture of organics.  It might be possible to isolate each and measure it through chemical means, but this wouldn't be practical or useful.  In wastewater and natural waters like rivers and lakes, there may be hundreds of organic substances.  Analyzing for all of these compounds would be a huge task.  We might use a "lumped" parameter like Total Organic Carbon (TOC).  In a TOC machine, all of the organic substances are oxidized to CO2 and a sensor reads the amount of CO2.  This tells us about the amount of organic material, but not whether or not this material is biodegradable.  For example, both plastic and sugar are measurable as TOC.  The environmental effects of dumping plastic and sugar into stream are, however, very different.  This is because sugar is biodegradable and plastic is not.

All natural environments teem with microbial life.  (A typical agricultural soil can contain as many as a million bacteria per gram!)  For these microorganisms, organic waste is a source of food.  Like virtually all higher forms of life (i.e., you and me), many of these microbes use oxygen to metabolize their food.  As microbes degrade organic substances, they pull oxygen from the local environment in direct proportion to the amount of organic material metabolized.  There's lots of oxygen in the air, but the amount dissolved in water is limited (recall the gas transfer lab).  If enough organics are present, microbes will use up all of the available oxygen and fish will die.  This is why engineers are interested in measuring organic materials.  Biodegradable organic pollution leads to oxygen depletion in rivers, streams, and lakes.

The Biochemical Oxygen Demand (BOD) test was developed in Britain in the early part of this century.  It is a simplified physical model of what would happen if an organic waste is added to a stream.  In the test, a liquid containing organic wastes (either full strength of diluted) is placed in a bottle.  The dissolved oxygen (DO) is measured and the bottle is sealed.  After some incubation time (usually 5 days), the DO of the sample is measured again.  Because the bottle is sealed, the difference in the DO values represents the oxygen used by microbes in degrading the waste.  The change in DO is an indirect measure of the organic substances in the bottle.  Through this process we see that biodegradable organic materials have associated with them a potential demand for oxygen when they are degraded (hence the name biochemical oxygen "demand").

The calculation of the BOD is based on a mass baalnce:

(Mass of BOD in sample) = (Mass of oxygen in bottle at t=0) – (Mass of oxygen in bottle at t=t)

Vsample(BOD) = Vbottle(DO0) – Vbottle(DOt)
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where

DO0, DOt = dissolved oxygen concentrations at t=0 and t=t

P = dilution factor = Volume of sample ( Volume of the BOD bottle (300 mL)

If the waste is strong, the oxygen in the bottle will run out before the end of the incubation period.  This is why we dilute the waste.  If we over-dilute it, the change of DO will be too small to be statistically reliable.  Details about dilution can be found in the notes hyperlinked to the procedures page. 

A typical graph of DO in the BOD bottle as a function of time might look like Figure 1 below:
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As shown in the graph, if we wait a long time, the bacteria consume all of the organic material, and the DO stops dropping.  The total DO drop at this point represents the "ultimate BOD" (also called BODu or sometimes BODL for "limiting BOD").  Twenty to thirty days is a long time to wait, so usually the bottles are opened and measured after 5 days, and the test results are reported as the "5-day BOD" or BOD5.  Originally, 5 days was chosen as the incubation time because that is the longest travel time of any river in Britain.  We continue to use this value today, although the choice of incubation time is really arbitrary.  To convert between BOD5 and BODu, we need to know something about the kinetics of the BOD test.

Suppose we set up 7 BOD bottles on day 0.  Periodically over the next month, we open a bottle and measure the DO.  If we use these DO values in the BOD equation shown above, we would see an increasing BOD result.  In other words, BOD1 < BOD2 < BOD3 … because DO1 > DO2 > DO3 ….  If we plot the BOD values against time, we get a curve like that shown in Figure 2. 
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Notice that the measured values of BOD start at 0 and end up at the ultimate value.  When you compare Figure 2 with Figure 1, you see that Figure 2 is actually Figure 1 flipped over.  While it is not always true, very often we can fit a first order exponential model to these data.  The equation of the model is:

BODt  =  BODu (1 - e-kt)

If you plug "5" in for "t", you can convert between BOD5 and BODu using this equation.  

It is important that you understand the difference between BODu and BODt.  BODu is proportional to the total biodegradable organic content of the water.  If you add more biodegradable organic material to water, BODu will increase.  BOD5 is the amount of BOD exerted in the 5-day test and is proportional to the amount of organic material degraded in 5 days.  
It is normally assumed that BOD5 is proportional to the BODu but this may not always be true.  In Figure 3 for instance, three samples all exerted about the same BOD5, yet they all had different BODu's.  How might this happen?  The three samples in Figure 2 have different rate constants and different concentrations of degradable organics (expressed as BODu).  It’s just a coincidence that they all have about the same BOD5.  Because different organic substances degrade at different rates, one has to be careful when comparing samples based on BOD5.  Look at the following data.

Sample A:  Urban sewage, BOD5 = 100 mg/L

Sample B:  Urban sewage, BOD5 = 200 mg/L

Sample C:  Industrial wastewater, BOD5 = 100 mg/L

It is reasonable to say that Sample B contains about twice as much organic material as Sample A because typical urban sewages have about the same rate constant.  It is not reasonable to say that Sample A and Sample C have the same amount of organic material (BODu) because the rate constants might be quite different.  What you can say, though, is that the 5-day impact on the oxygen resources of a stream receiving Sample A and Sample C will be about the same.
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Please note that the first order model does not always fit BOD data.  Don't be surprised if in real life, you get data that doesn't plot out in such neat curves.  Like any mathematical model, use the first order equation with care.

Finally, there is one more kinetic issue to consider.  Suppose we put a water sample with biodegradable organics into a batch reactor and supply it with oxygen in the form of air bubbles.  Now suppose we take a sample out each day and test the sample in a BOD5 test.  We would see that the BOD5 of the original water decline over time as shown below:
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What we see here is that the BOD5 remaining in the water declines over time.  (In other words, the BOD content of the water declines over time.)  If the k value is constant, then the relationship between BOD5 and BODu will be constant.  So if the measured BOD5 declines over time, the BODu, also declines over time.  In other words, the organic material remaining in the water is being converted to something else -- CO2 and other nondegradable substances -- by the bacteria.  Often, a first order decay reaction can be fit to these data.  If the organic material in the water (expressed in BOD units) is called "L" (as it is in your book), then 

L = L0 e-kt
Usually L is measured as BODu.  We will see this relationship often in solving mass balance problems for the degradation of organic materials in streams, lakes, or treatment plants.  Be warned, however, that not all organics decay according to a first order model.  Don't be surprised by real-life data following a different pattern.
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