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The Groundwater Project Foreword 

At the United Nations (UN) Water Summit held in December 2022, delegates agreed 

that statements from all major groundwater -related events will be unified in 2023 into one 

comprehensive groundwater message. This message was released at the UN 2023 Water 

Conference, a landmark event that brought attention at the highest international level to 

the importance of groundwater for the future of humanity an d ecosystems. This message 

brought clarity to groundwater issues to advance understanding globally of the challenges 

faced and actions needed to resolve the world's groundwater problems. Groundwater 

education is key. 

The 2023 World Water Day theme Accelerating Change is in sync with the goal of the 

Groundwater Project (GW -Project). The GW-Project is a registered Canadian charity 

founded in 2018 and committed to the advancement of groundwater  education as a means 

to accelerate action related to our essential groundwater resources. To this end, we create 

and disseminate knowledge through a unique approach: the democratization of 

groundwater knowledge . We act on this principle through our website gw-project.org/k, a 

global platform , based on the principle that  

ɁKnowledge should be free, and the best knowledge should be free knowledge.ɂ Anonymous 

The mission of the GW-Project is to promote groundwater learning across the globe. 

This is accomplished by providing accessible, engaging, and high-quality educational 

materialsɭfree-of-charge online and in many languagesɭto all who want to learn about 

groundwater. In short, the GW-Project provid es essential knowledge and tools needed to 

develop groundwater sustainably for  the future of humanity  and ecosystems. This is a new 

type of global educational endeavor  made possible through the contributions of a dedicated 

international group of volunteer professionals from di verse disciplines . Academics, 

consultants, and retirees contribute by writing and/or reviewing books aimed at diverse 

levels of readers from children to high school, undergraduate  and graduate students, or 

professionals in the groundwater field . More than 1,000 dedicated volunteers from 127 

countries and six continents are involvedɭand participation is growing.  

Hundreds of books will be  published online over the coming years, first in English , 

and then in other languages. An important tenet of GW -Project books is a strong emphasis 

on visualization  with clear illustrations  to stimulat e spatial and critical thinking.  In future, 

the publications  will also include videos and other dynamic learning tools. Revised editions 

of the books are published from time to time. Users are invited to propose revisions.  

We thank you for being part of the GW -Project Community. We hope to hear from 

you about your experience with the project materials, and welcome ideas and volunteers! 

The GW-Project Board of Directors 

January 2023 

https://gw-project.org/
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Foreword 

Many organic compounds of industrial origin occur in groundwater at 

concentrations commonly exceeding the safe drinking water standards. This has resulted 

in an active industry operating worldwide for the assessment and remediation of 

contaminated industrial, military, waste disposal , and other sites. Over time, many of these 

contaminants diminish in concentration due to in situ microbial processes, which can be 

collectively referred to as biodegradation. This book, Biotic Transformations of Organic 

Contaminants, describes how microorganisms mediate reactions to transform organic 

groundwater contaminants, often into innocuous products, naturally or with 

human-engineered interventi on. It focuses on the most common categories of organic 

chemicals in groundwater, including PFAS, the most recent category to receive widespread 

attention. The author also discusses transformations that result in degraded groundwater 

quality due to incompl ete degradation. 

To understand biodegradation, it is necessary to appreciate that microbes are living 

entities and, like human beings, they require food, nutrients, and a hospital environment. 

These needs render microbes our allies because they can thrive by biodegrading  organic 

contaminants. This book is aimed at enabling the reader to think about the state of organic 

contaminants in groundwater in terms of basic parameters that govern whether or not 

degradation can or will occur. This sets the stage for understanding wh ether or not 

engineering intervention can accelerate degradation. The biochemical reactions that 

represent the transformations of the most important contaminant categories are shown as 

schematic equations to help the reader keep track of the reactants, reaction products, and 

energy flows. 

The author, Bruce Rittmann, is Regents Professor of Environment Engineering and 

Director of the Swette Center for Environmental Biotechnology at the Biodesign Institute, 

both at Arizona State University.  Dr. Rittmann has broad research interests in how 

microbes play a role in helping make human  society more sustainable. He is a member of 

the U.S. National Academy of Engineering and received the Stockholm Water Prize in 2018 

for contributions improving water treatment  through environmental biotechnology. He  

has published over 830 journal articles, books, and book chapters, and he has 21 patents. 

Dr. Rittmann is well known for pioneering the development of biofilm fundamentals and 

contributing to their widespread use in the cleanup of contaminated waters, soils, and 

ecosystems. 

John Cherry, The Groundwater Project Leader 

Guelph, Ontario, Canada, November , 2023 
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Preface 

Biotic Transformations of Organic Contaminants describes how microorganisms can 

transform groundwater contaminants into innocuous products.  The transformations can 

occur without human intervention , such as in natural attenuation, or can be stimulated in 

various forms of engineered bioremediation.  In either case, the transformations are 

mediated by microorganisms that must grow and sustain themselves using their normal 

metabolic processes. 

2ÖÔÌÛÐÔÌÚȮɯ ÛÏÌɯ ÛÙÈÕÚÍÖÙÔÈÛÐÖÕÚɯ ÖÍɯ ÊÖÕÛÈÔÐÕÈÕÛÚɯ ÈÙÌɯ ×ÈÙÛɯ ÖÍɯ ÔÐÊÙÖÖÙÎÈÕÐÚÔÚɀɯ

normal metabolic processes. In other cases, the transformations are specialized reactions 

carried out by  certain microorganisms. Biotic Transformations of Organic Contaminants lays 

the foundation for understanding the routine and the special, as well as how specialized 

processes interact with routin e processes. This understanding  will  make it possible for 

readers to evaluate and manage biotic transformations that occur in the research on and 

practice of bioremediation.  

Readers need to have a basic knowledge of chemistry to gain the most meaningful  

information  from this book . This basic knowledge is what might be called college 

ɁÍÙÌÚÏÔÈÕɯÊÏÌÔÐÚÛràȮɂɯÞÏÐÊÏɯÌÕÈÉÓÌÚɯÛÏÌɯÙÌÈËÌÙɯÛÖɯÐÕÛÌÙ×ÙÌÛɯÊÏÌÔÐÊÈÓɯÍÖÙÔÜÓÈÚɯÈÕËɯ

reactions written out in a linear format.  The reactions ÈÓÚÖɯÈÙÌɯÚÏÖÞÕɯÐÕɯÛÏÌɯɁÓÐÕÌɯÈÕËɯÉÈÓÓɂɯ

structural format, which will  be familiar to those who have taken organic chemistry . The 

reader also should be comfortable with the chemistry concepts of oxidation/reduction, 

acid/base, and hydrophobic/hydrophilic.  

I began engaging with groundwater and the biological fate of organic chemicals in 

the late 1970s, when I was a PhD student at Stanford University. I had the great good 

fortune to work with Dr. Perry McCarty on his first big groundwater -contaminants project. 

It was a very inter -disciplinary project, and I was responsible for understanding the 

microbiology aspects. This opened the door for me to learn about biochemical 

transformations, biofilm kinetics, groundwater flow, and transport processes.  It was a 

wond erful foundation for me , and I have continued to learn and to work on groundwater 

remediation research since then, although I work on many other things in what we now 

call Environmental Biotechnology.  Today, I am the Director of the Biodesign Swette Center 

for Environmental Biotechnology at Arizona State University.  I also am Regents Professor 

of Environmental Engineering at ASU.  I am a member of the U.S. National Academy of 

Engineering, a Distinguished Member of the American Society of Civil Engineers, a f ellow 

of five professional organizations, and a winner of the 2018 Stockholm Water Prize. 

Bruce E. Rittmann 

Tempe Arizona, USA, November 2023 
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1 Introduction 

Organic contaminants are toxic chemicals that pose significant challenges for the 

health of populations and ecosystems. These compounds have been accumulating at an 

alarming pace since the dawn of the Industrial Revolution and, subject to winds and 

currents, often spread widely beyond their point of origin, as well as along the food chain.  

Because of their toxicity, persistence, and spread, managing the risks associated with 

organic contaminants is a global issue for which novel actions are needed. Transforming 

organic contaminants into harmless or less-harmless products is one such approach that 

has increasingly become the focus of the scientific community. 

Microorganisms can often facilitate these transformations. In this book , I discuss what 

types of transformations can take place to break down harmful substances into less harmful 

ones and how to assess and create the most favorable environments for optimization of 

biotic transformation of organic contaminants.
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2 The Basics of Microbial Metabolism 

Microorganisms can transform organic contaminants into harmless  or 

less-hazardous products. When actively managed, the transformation processes are called 

bioremediation or engineered bioremediation. Figure 1 illustrates an example where microbial 

metabolism can be used. It is a reactive barrier created by stimulating the growth and 

metabolism of bacteria able to biodegrade a soluble contaminant coming from upstream. 

The transformation processes can also occur naturally in groundwater, and this is a key 

part of natural attenuation at a contamination site. Whether or not the processes are 

engineered, they happen only when the correct microorganisms are present and have all 

the conditions they need to grow, sustain themselves, and carry out the transformation 

processes of interest. 

 
Figure  1 ï An example of an engineered bioremediation method for underground/groundwater 
decontamination when the contaminantôs source is a Non-Aqueous Phase Liquid (NAPL). 
Microbial growth and metabolism are stimulated by addition of specific substances that the 
bacteria require, which creates a permeable reactive barrier. The biodegradation occurs as 
dissolved contaminants move with the water through the permeable reactive barrier. 

The primary objective of this book is to provide a foundation for understanding 

three inter -related factors. 

1. How microorganisms grow and sustain themselves . 

2. How important classes of organic contaminants can be microbially transformed . 

3. The conditions necessary so that factors 1 and 2 take place, that is, the correct 

microorganisms are present, sustained, and active in metabolic processes that 

transform organic contaminants into harmless products.  

This section addresses the first factor: how microorganisms grow and sustain 

themselves. This is called their metabolism. Although the principles of metabolism are the 
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same for all organisms, the focus here is on bacteria because they are responsible for almost 

all of the important microbial transformation processes in groundwater. More information 

on bacteria and the principles of their metabolism can be found in Chapters 2, 3, 5, and 6 of 

Rittmann and McCarty (2020), along with Madigan and others (2019), Ferris and others 

(2021), and Wackett and Robinson (2020). 

2.1 Electron Donors and Acceptors 

In a certain way, bacteria are the same as humans. !ÖÛÏɯÕÌÌËɯÛÖɯɁÌÈÛɯÈÕËɯÉÙÌÈÛÏÌɂɯ

in order to grow and sustain themselves. All of us are familiar with the food we eat and the 

oxygen (/ ) we breathe from the air. Bacteria do essentially the same thing, but we give the 

food and air different names: electron-donor substrate (food) and electron-acceptor 

substrate (/ ). The term substrate means that the bacteria utilize them to gain energy to 

grow and maintain themselves . The electron-donor substrate is a source of electrons, which 

means that it is oxidized to release electrons. The electron-acceptor substrate receives those 

electrons, which means it is reduced. An electron-donor  + electron-acceptor pair works for 

the bacteria (and us, too) when the transfer of the electrons from the donor to the acceptor 

generates energy that the bacteria can harvest in a usable form. Because humans are large 

and complex, we can use only donor + acceptor pairs that generate a large amount of 

energy for each electron that moves from the donor to the acceptor. A good example shown 

in Equation (1) occurs when the donor is a carbohydrate (think : pizza or a candy bar) and 

the acceptor is / , (think : breathing). 

 
#( / φ#/O φ#/ φ(/ᴼЎὋ

ρρωȢχ Ὧ*

Å ÅÑ
 

(1) 

where: 

ЎὋ  = the standard free energy of the reaction at pH = 7 and normalized to one 

electron equivalent (Å ÅÑ) 

One mole of carbohydrate (#( /) is completely oxidized to 6#/, which releases 

24 Å ÅÑ that are transferred to 6/ , reducing the / in /  to the / in #/ and (/. 

Provided the opportunity, many bacteria will gladly perform the same reaction, 

because the energy yield ЎὋ ρρωȢχὯὐÅ ÅÑϳ  is very large. However, bacteria are 

not limited to only reactions that generate a large ЎὋ  because they are small and simple. 

In other words, bacteria have low overhead, which means they can grow and sustain 

themselves when the donor + acceptor pair generates much smaller ЎὋ . When the focus 

is on transforming organic contaminants, the big difference in energy yield comes from 

the electron-acceptor substrate (Table 1).  
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Table 1 - List of ЎὋ  values with carbohydrate being the donor, 
but with a range of acceptors that bacteria or other prokaryotic 
microorganisms are able to utilize. 

Electron Acceptor and Reduced Product  Ў╖  kJ/▄▄▲ 

Oxygen (/ ) to (/ -119.7 

Ferric Iron (&Å) to Ferrous Iron (&Å) -115.2 

Nitrate (NO3
-) to Dinitrogen Gas (N2) -113.2 

Selenate (3Å/) to Elemental 3Å    -72.6 

Sulfate (3/ ) to (3   -20.1 

Carbon Dioxide (#/  to Methane (#(    -17.4 

 

Although the energy yields for ferric iron (&Å) and nitrate are almost as large as 

for  /ȟ they are much lower for sulfate and carbon dioxide.  Despite the paltry energy yields 

from sulfate and #/, many prokaryotic microorganisms can grow  using them as their 

electron-acceptor substrate because the microorganisms are small, simple, and 

low -overhead. 

Exercise 1? provides an opportunity  to calculate the Ў'  values when acetate is 

oxidized , using the acceptors listed in Table 1. Exercise 2? provides an opportunity  to 

calculate Ў'  when toluene is oxidized , using the same acceptors. 

2.2 Biomass Synthesis 

Most of the energy generated by sending electrons from the donor to the acceptor 

is used to synthesize new biomass, which we can represent simply as #(π.. The key 

elements in biomass are carbon (#) and nitrogen  (.). # comprises approximately 50 percent 

of the dry weight  of the biomass, and it contains around 71 percent of the electrons of the 

cells electron equivalents. . is about 12.5 percent of the dry weight and has  about 

29 percent ÖÍɯÛÏÌɯÊÌÓÓɀÚɯÌÓÌÊÛÙÖÕɯÌØÜÐÝÈÓÌÕÛÚȭɯ3ÏÜÚȮɯ# and . constitute major demands for 

electron equivalents that come from the electron-donor substrate and, in some cases, the . 

source. The electrons in an electron-donor substrate are partitioned between energy 

generation (transfer to the electron-acceptor substrate) and investment in new biomass. An 

electron that is used in synthesis cannot be used to generate energy and vice versa. 

Biomass is primarily made up of polymers such as polysaccharides, proteins, 

nucleic acids, and lipid bilayers.  Constructing and maintaining these polymers is an energy 

expense for the cells. Furthermore, the basic building blocks  (e.g., carbohydrates, amino 

acids, nucleotides, and fatty acids) must be produced from a cellɀs source of # and .; this 

is typically an other energy-demanding step. All this means that biomass synthesis costs 

energy in three ways: 

1. diverting electrons away from the electron -acceptor substrate, 

2. making the basic building blocks from available sources of # and ., and 

3. assembling the complex polymers. 
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The cells balance all the energy and electron flows. A quantitative method to 

balance those flows and estimate how much biomass can be synthesized from a 

donor  + acceptor pair is the subject of Chapter 5 in Rittmann and McCarty (2020). The 

ɁÕÖÙÔÈÓɂɯÍÖÙÔÜÓÈɯÍÖÙɯÉÐÖÔÈÚÚɯÐÚɯ#(/.. When the phosphorus (P) content is included, 

the formula is expressed as #(/.0. Exercise 3? provides an opportunity to  practice 

determining the  formula weight of #(/.0 and the value of x.  

2.3 Carriers of Electrons and Energy 

$ÓÌÊÛÙÖÕÚɯÈÕËɯÌÕÌÙÎàɯËÖɯÕÖÛɯÍÙÌÌÓàɯɁÍÓÖÈÛɯÈÙÖÜÕËɂɯÐÕÚÐËÌɯÉÈÊÛÌÙÐÈÓɯÊÌÓÓÚȭɯ(ÕÚÛÌÈËȮɯÛÏÌàɯ

are held on carriers that allow the cells to put  the electrons and energy to good use where 

they are needed. The carrier for energy is ATP, which is short for adenosine triphosphate. It 

holds the energy in the high -energy bond of the third phosphate, which releases the energy 

when it is hydrolyzed away to for m adenosine diphosphate (ADP). The ATP can move around 

in the cell to be used on an as-needed basis. 

Electrons are carried in two distinctly different way s. The first carrier is nicotinamide 

dinucleotide (.!$). The oxidized form of .!$ is the cation .!$, and it can accept two 

electrons (ς Å) plus two protons  (ς() to make .!$(( . Similar to  ATP, .!$( can 

move about the cell and donate its two electrons for reactions that require them. Likewise, 

.!$ can move about the cell to accept electrons from oxidation reactions. Having these 

mobile molecules is very important for transformations of organic contaminants , as 

illustrated in later sections of this book. 

The second type of carrier is not mobileɭit  ÐÚɯÈÕÊÏÖÙÌËɯÐÕɯÈɯÊÌÓÓɀÚɯÔÌÔÉÙÈÕÌȭɯThis 

carrier is an electron-transport chain that operates much like a ɁÉÜÊÒÌÛɯÉÙÐÎÈËÌɂɯÜÚÌËɯÛÖɯ

fight fires in the past. A series of molecules are precisely located in the membrane so that 

one molecule Ɂhands ofÍɂ an electron to the next molecule (Madigan et al., 2019; Rittmann 

& McCarty, 2020). These molecules are electro-active molecules such as cytochromes and 

quinones. Electrons and protons are initially fed into the electron -transport chain from 

.!$( or by direct oxidation of a donor substrate.  They move down the chain until they 

reach a terminal electron acceptor such as / , ./, or other acceptors noted in Section 2.1 

and exemplified  in Equation (2) and Equation (3). 

 πȢυ / ς( Å ᴼ(/ (2) 

 πȢτ ./ ς( Å ᴼπȢς . πȢτ /( πȢψ (/ (3) 

 At certain points in the chain, the protons are expor ted to the outside of the 

membrane, where they accumulate to create a pH gradient between the exterior and 

interior of the membrane.  This pH gradient creates a free-energy gradient called the proton 

motive force (PMF); the import of protons along this PMF provides the energy to make ATP 

out of ADP and a phosphate ion. Thus, the flow of electrons ultimately generates the flow 

of energy in ATP (Exercise 4?). 
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2.4 Normal Catabolic Reactions 

Catabolism is the set of reactions that organisms use to gain energy to grow and 

sustain themselves. The beginning and end of catabolism are the electron-donor and 

electron-acceptor substrates. What is important to understand is that these two substrates 

do not react directly with each other.  Instead, the donor is stepwise oxidized, typically two 

electrons per step. The electrons are carried on .!$( and along the electron-transport 

chain until they reach the electron-acceptor substrate, which is often stepwise reduced 

(Figure 2). Because the donor is stepwise oxidized, its full oxidation requires a series of 

oxidation steps that yield characteristic products that become the reactants in the next steps. 

The same is true for the steps of reducing the electron acceptor. Here, I focus on the normal 

steps of oxidizing organic electron donors.  

 
Figure 2 ï The electrons from the bacteriaôs electron donor are partitioned between synthesis of new biomass 
and transfer to the electron acceptor to gain energy. 

Two reasons explain why  it is essential to understand the normal steps of 

electron-donor oxidation.  First, these are the steps necessary for the microorganisms to gain 

electrons and energy to grow and sustain themselves. Microorganisms will not be present 

if these steps do not occur. Second, the biodegradation of organic contaminants involves 

the same reactions, although other reactions may be necessary in some situations. 

It is valuable to understand where and how the biodegradation of organic 

contaminants fits into normal catabolism.  When it fits, the microorganisms are able to gain 

electrons and energy as part of the biodegradation of the contaminants. In that case, 

biotransformation of the contaminant supports synthesis of the biomass that biodegrades 

it.  We then call the organic contaminant a primary substrate. A primary substrate  generates 

the flow of  electrons and energy that enable biomass growth (Figure 3). 
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Figure 3 ï Microorganisms interacting with the environment to receive 
electrons to sustain their growth as part of the biodegradation of the 
contaminants. 

2.4.1 Hydroxylation and Dehydrogenation 

The core reactions for the stepwise oxidation of organic electron donors are called 

hydroxylation and dehydrogenation, whichɭlike all metabolic reaction sɭare catalyzed by 

enzymes. Both are two-electron oxidation of the reacting organic molecule, which means 

that they yield 2(( + Å), which are used to reduce .!$( to .!$( + ( . The difference 

is that hydroxylation include s (/ as a reactant, which produces an oxidized product 

containing a new hydroxyl group ( Ȥ/(); in contrast, dehydrogenation do es not use (/ or 

add Ȥ/(. Figure 4 shows examples of basic hydroxylation and dehydrogenation reactions  

for ethanol #(#(/(. The figure contains three essential take-home lessons. 

1. Both reactions remove two electrons from the organic reactant and transfer 

them to .!$ ; thus, oxidation from ethanol to acetic acid generates 

four  Åequivalents. 

2. The dehydrogenation and hydroxylation reacti ons alternate, which is the 

typical pattern . 

3. The end-product is acetic acid, which is an exceptionally important organic 

component inside microbial cells.  What the cells do with  acetic acid is described 

in an upcoming section in this book . 

Exercise 5? and Exercise 6? provide opportunit ies to explore hydroxylation and 

dehydrogenation reactions. 
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Figure 4 ï The dehydrogenation and hydroxylation reactions that convert ethanol 
to acetate: dehydrogenation of ethanol to acetaldehyde and hydroxylation of 
acetaldehyde to acetic acid. In both cases, .!$  receives two electrons and is 

reduced to .!$(. Oxygen atoms are red. 

2.4.2 b-Oxidation 

In Figure 4, the dehydr ogenation and hydroxylation reactions  occur with molecules 

that contain two carbon atoms (i.e., ethanol and acetaldehyde). What if the organic 

molecule has more than two carbon atoms? The microbial strategy for longer chains is to 

break the longer compounds into a series of acetic acids. The strategy is called beta (b) 

oxidation, because the b carbon (i.e., the second # from after the carboxylate group) is 

stepwise oxidized until it can become a carboxylate group with acetic acid released.  

Figure 5 illustrates the steps of b-oxidation  which  also uses alternating dehydrogenation 

and hydroxylation reactions that stepwise oxidize the b carbon. Hydration and hydrolysis 

steps also are involved , but the key steps are the two oxidations of the b carbon, which 

release four  Å equivalents along with one acetic acid. The electrons can be routed to the 

electron transport chain for energy generation, and the acetic acid can be routed to the citric 

acid cycle, which is the topic of the next section of this book. Exercise 7? provides an 

opportunity to explore b-oxidation.  
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Figure 5 ï Illustration of how b-oxidation stepwise oxidizes the b carbon (the C next to 

#//( until it becomes a carboxylate group, with acetic acid (#(#//() released by 

hydrolytic cleavage. R represents an organic group (e.g., a # chain or aromatic) attached 

to the b carbon; it is not altered by a round of b oxidation. Oxygen atoms are red. 

2.4.3 The Citric Acid Cycle 

Alternating dehydrogenation and hydroxylation reactions generate acetic acid as 

shown in Figure 4 and Figure 5. Acetic acid is exceptionally useful within a microbial cell . 

The main vehicle by which the microorganisms utilize acetic acid is the Citric Acid Cycle. 

Figure 6 is a simplified version of the citric acid cycle, which gains it s name from the step 

in which a molecule of acetic acid (two  carbons) is combined with a molecule of oxaloacetic 

acid (four  carbons) to form citric acid (six carbons). The cycle involves a sequence of 

reactions that include two  dehydrogenations and two hydroxylations that recover the 

eight Å equivalents in acetic acid, release two  #/ molecules, and return oxal oacetic acid 
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to begin another round of the cycle. The overall reaction for one turn of the citric acid cycle 

is shown in  Equation (4) and Figure 6. 

 #(#//(τ.!$ ς(/ᴼς#/ τ.!$(τ( (4) 

 
Figure 6 ï A simplified version of the citric acid cycle, emphasizing the input of acetate, the 

release of two #/ molecules, and the four oxidation steps. Citric acid enters the cycle 

bound to the carrier coenzyme A (CoA), which is not illustrated here for simplicity. 

Besides generating electron flow, the citric acid cycle is valuable to the 

microorganisms in another way. The six- and fi ve-carbon intermediates (sometimes 

denoted as C6 and C5) can be used in synthesis that requires organic molecules with more  

than two  carbon atoms. Diverting  the six- and fi ve-carbon compounds out of the cycle costs 

electron flow and energy, but it is an efficient way to take acetic acidɭthe simple product 

of many catabolic reaction pathwaysɭin to the more complex organic molecules needed to 

make the polymers that comprise most of biomass Exercise 8?. 

  




























































































