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ABSTRACT 

Man has always exploited the environment for securing human life and culture. This 
“tradition” is both embedded into our instincts as well as a mode of behavior and a learnt 
method of survival in our societies. However, alongside with the globalization of the 
economy, internationalization, industrialization and population growth, the consequences 
of the one-sided approach of the past have become unbearable for the environment. 
Consequently, in order to maintain life on earth in its current form, we should establish 
new thinking and modes of action. Therefore, the survival strategies for Mankind should 
inherently contain the strive for sustainability, as well as the tendency to avoid past 
mistakes, and to repair them instantaneously whenever possible. 

The agricultural tradition of different nations leans on the centuries old wisdom of 
human civilization in a good sense. For example, the East Asian agricultural societies 
have learnt to handle each piece of land in their possession in an individual manner, 
taking into account the local environmental conditions. These principles are now more 
and more unanimously accepted, at least in theory. Also, the industrial ecosystem needs 
to be functioning in the natural way, and in balance with the environment. This is a 
necessity in the reversion or prevention of any developing environmental catastrophes 
that could wait behind the corner. As the major vehicles for the circulation of matter, 
microbes are in a key position and provide means for finding the solutions to serve the 
global ecosystems. 

In the aftermath of a vast environmental crisis, namely the oil leakage from the 
“Deepwater Horizon” oil platform well in the Mexican Gulf in the year 2010, it was 
noticed that the dramatic consequences of the spill were mitigated and the worst scenario 
of destruction avoided thanks to the cleaning actions of the marine micro-organisms. This 
was a positive result both ecologically and in economic sense. It further encouraged the 
scientists to find and isolate microbial strains which could be used for such operations. 
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Although the natural microflora compensated and mitigated the effects of the Deepwater 
Horizon accident surprisingly well in 2010, there have been observations and concerns 
about the long term effects of this ecocatastroph (Geggel, 2015). 

 
 

1. INTRODUCTION 
 
Human industries, agriculture and other land use release vast amounts of microbes into 

the environment. They are often distributed more widely in connection with the floods, 
effluent leakages and other minor or major ecocatastrophes (Hakalehto, 2015a). The microbes 
also contribute to the later recovery of the ecosystems in such situations. Therefore, 
knowledge of their interactions is of high relevance for the environmental protection and 
management. The profound understanding these interactions could provide us with huge 
resources of unforeseen scale. They eventually will help the modern societies in combating 
the ecocatastrophes, and to retain a balance with Nature. In the commercial sense, the 
utilization of such resources has been designated as the ecosystem services. This has become 
a remarkable emerging economic activity as well. According to the United Nations 
Convention to Combat Desertification (UNCCD), the consept of “ecosystem” has to include 
the primary production. See the UNCCD report published on the 10th of February 2017 from 
the internet link: http://www2.unccd.int/publications/scientific-conceptual-framework-land-
degradation-neutrality-report-science-policy. This conceptual principle helps us in figuring 
out the ecosystems in each and every case of research and planning.  

Even though they are small in size and mostly invisible to human eyes, micro-organisms 
are omnipresent and highly influential in almost everywhere and on every sector of human 
life. Their effects can be seen but we do not always easily recognize them. For example, when 
consuming the breakfast yoghurt we seldom think about it as a microbiological or 
biotechnological product, although in every spoonful there are approximately as many 
bacterial cells as there are human individuals on this planet. Mankind has traditionally used 
micro-organisms for the preparation of food or for preserving it (Hakalehto, 2015b). In an 
equal fashion, these tiny organisms function incessantly in keeping the cycles in Nature at 
work. They spend the chemical energies bound to organic substances, and some of them carry 
out autotrophic photosynthesis or chemosynthesis (Atlas and Bartha, 1998). These cycles can 
be utilized by man for the production of energy and chemicals (Dahlquist et al., 2013; 
Hakalehto 2015a, c). They could also form a basis for the reuse of organic materials and 
mixed wastes. In terms of agricultural activities, there has been a goal of a land-degradation-
neutral world by 2030 set by the United Nations and the European Commission (Akhtar-
Schuster et al., 2016). Land Degradation Neutrality (Ldn) is a new voluntary and aspirational 
target of a Sustainable Development Goal (SDG) under the UN2030 Agenda for Sustainable 
Development (Safriel 2017). 

An important breakthrough of the novel thinking in the human societies has been the 
realization of some basic but ancient facts. In order to avoid disasters or to repair their 
consequences we still need to learn from Nature. Actually, this opens up new business 
opportunities, besides bringing us necessary tools for the implementation of the survival 
strategy for Mankind. This is called “Ecosystem Services” (Norgaard, 2010). Peter 
Söderbaum has been writing many books and papers on the subject Environmental economy 
(Söderbaum, 2000), where the negative impact of destroying Nature’s values has a price, 
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while positive actions give an income to the long term resource capital of Earth. This has also 
favored the implementation of ecosystem services. In the following we describe some ways 
for us to use the potential of microbes for these services.  

 
 

2. DIFFERENT ANTHROPOGENIC CATASTROPHES  
TO BE CHALLENGED 

 
2.1. Oil Accidents and Leakages 

 
One major type of accidents or natural pollutions is oil spill to water, air and soil. The oil 

can cause different type of problems for the environment, and also for the both the crops and 
the animals. A number of oil releases in accidents can be mentioned during the last decades. 
In 1989 we had Exxon Valdez that was leaking oil in Prince William waters in Southern 
Alaska. Approximately 42 million liters of oil was released. Especially birds were hurt 
severely, very much due to the harsh climate. Surface tension of the hydrocarbons destruct the 
heat insulation of the feathers. 

A few years later, in 1991, 650 oil wells were put on fire in Kuwait when the Iraqi forces 
withdraw from there. 800-1600 million liters of oil were estimated leaking out and flowing 
into the Persian Gulf. In 2010 a drilling platform in the Mexican gulf released at least 650 
million liters of oil during 87 days. A huge number of birds, seals and dolphins were covered 
by oil. In Nigeria a lot of oil has been leaking out due to sabotage, burglary and poor 
maintenance. Shell has counted 1693 leakages in the Niger delta just between 2007 and 2015. 
In year 2014 the oil tanker Southern Star 7 was sinking outside Sundarbans in Bangladesh 
releasing 325 000 liters of crude oil into the sea. 2015 a pipe was broken at Santa Barbara in 
California. 530 000 liters of crude oil was released and approximately 80 000 of these were 
flowing out into the bay polluting the coasts. In the arctic areas north of Russia estimates are 
made that 500 000 tons of oil are leaking out every year due to inadequate maintenance of 
pipe lines and systems. 

In 2010 there were a number of oil accidents related to BP´s operations (British 
Petroleum). First there was a leakage in a major oil pipe in Canada. Then the oil drilling 
operations that went wrong in the Mexican Gulf, when huge amounts of oil were released 
during several months before the leakage could be stopped, as mentioned earlier.  

Biologists and environmental scientists feared huge negative impact on all biological life 
in the Caribbean – Mexican Gulf (Das and Chandran, 2011). It was therefore a great surprise 
that the negative influences on the environment and biological life were much less abundant 
than expected. It turned out that some of the oil was evaporating – the light fractions - and 
some was sedimenting to the bottom, where it was degraded by natural microorganisms. 
There was also a worry that chemicals used to disperse into the oil could create significant 
problems on fish, which seemed to not happen at least in short term in a disturbing scale, 
fortunately. Concerning the oil leakage in Canada we have not heard so much, but also in soil 
there are many microorganisms taking care of the oil degradation, although in slower pace if 
temperatures were colder than normally. This shows that under good conditions the microbes 
can make great things for Nature. In contrast to these positive outcomes, many of us 
remember the oil spillage from Exxon Valdez at the Alaskan coast. There Nature was very 
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negatively affected, as the climate was cold and thereby the microorganisms degrading the oil 
worked relatively slowly. Perhaps this natural degradation process could have been 
accelerated? (Figure 1). 

 

  
(a)     (b) 

Figure 1. The vulnerable Arctic Nature and its relatively simple ecosystems are often shaken by the 
catastrophes. (a) A view of the Yukon territory in Canada, close to the Canadian border with Alaska. 
Photograph by Lauri Hakalehto. (b) Norwegian Svalbard island is also representing the areas where 
global climate change could rapidly elevate the temperature by 2-3 degrees of centigrade. Photograph 
from Isfjorden, Svalbard by Arto Heitto.  

2.1.1. The Prevention of Oil Harms with Microbes 
Environmental protection by biotechnology has recently gained commercial interest and 

many new companies have been established, often around several applications 
simultaneously. Biotechnology can be utilized both for measuring an environmental damage 
and to prevent the harms caused by it. The productive biotechnology of the petrochemical and 
chemical industries is environmentally friendly technology per se, and its use has a 
decreasing effect on environmental problems. In addition, the main restriction in direct 
environmental applications appears to be human inventiveness. As an example, the cyanides 
decomposing Gibberella sp. mold product has been marketed by ICI of U.K. (Imperial 
Chemical Industries). The US market for biological environmental protection methods was 
already in 1978 about 3 million dollars. After that it has grown explosively. Globally, the 
development of these markets depends mainly on the actions of the governments. 

 
2.1.2. The Environmental Factors of Oil Decomposition and Their Manipulation 

Microbial populations that exist naturally in the ecosystems, for example on sea shores in 
connection with oil disasters, have been tried to be mapped genetically (MacNaughton et al., 
1999). The results from these analytical trials have not given significant information on the 
internal interactions of these populations. These have an effect in the decomposition of 
complex hydrocarbons. Therefore, it is important to add more emphasis on microbial, 
physiological and microbe-ecological research. In general, factors that could inhibit the 
biodegradation of environmental toxins or poisons, are the following: anaerobic conditions, 
acidic pH, high salt concentration, low temperature and the prevalence of heavy metals. On 
the other hand, also the decomposition of certain toxins in anaerobic conditions has been 
tested (Chee-Sanford et al., 2006). In the Finnish circumstances, for example, a notable aspect 
is the slowing effect to the degradation of some wastes caused by the recalcitrant substances. 
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The wastes decompose in a difficult manner, because of the high concentrations of humic 
substances in waters. As a special situation, also the combined effect of the waste materials 
and waste waters needs to be taken into account. For example, it has been shown, that fecal 
streptococci in residential waste possess significance in the decomposition of hydrocarbons. 
See also the chapters 11 and 12 of this book.  

The environmental factors that affect the microbes which are responsible for the natural 
decomposition of oil can be divided into chemical and physical ones. In addition to the 
development of suitable microbial strains, oil decomposition can be affected by manipulating 
the environmental conditions. Of the nutrients for these microbes, oil offers sources for 
carbon and energy. Other substances that exist abundantly in an oil spot on the surface of 
water are oxygen, as well as sulfate and magnesium ions. In this case the critical nutrients are 
nitrogen and phosphorus, whose scarceness normally limits the self-cleansing capacity of the 
seas. To promote the decomposition of oil, these substances need to be added simultaneously. 
Of micronutrients, iron or zinc may become restricting factors. The microbial flora can be 
made more diverse by adding vitamins or other growth factors. If fertilization is used to 
destroy an oil spot, the fertilizer should bind to the oil. For this purpose, e.g., paraffinized 
urea together with octyl phosphate has been applied. The addition of ammonium chloride and 
potassium phosphate has been experimented and this has led, in the laboratory conditions, to 
the decomposition of hexadecane from 20% to 60% of the original amounts. Also fertilizers 
with a naturally low solubility can be used.  

Röling et al. (2002) studied oil degradation with different microorganisms determined as 
communities using numerical analysis of denaturing gradient gel electrophoresis (DGGE) 
profiles of PCR-amplified 16S rRNA genes followed by cloning and sequencing of PCR-
amplified 16S rRNA genes. They added different amounts of nutrients like N and P in 
different concentrations. The degradation result in these experiments was much more related 
to the amounts of nutrients than to the composition of the microbial community. This 
indicates that addition of nutrients to the contaminated soil should be considered to enhance 
degradation after spillage. It is already a common practice with lawns, for example, to use 
granular slowly dissolving fertilizers. They could contain factors, e.g., microbial strains, for 
soil improvement and cleansing. 

Later Head et al. (2006) investigated specifically oil spills in oceans. Natural marine oil 
seeps alone could cover all of the world's oceans, as a layer of oil being 20 molecules thick. 
Besides this comes accidental release of oil. So we talk about significant amounts of oil, 
which also have given the ecosystems the possibility to adapt to them. 

As we see, from the oil spillage at many sites all over the world, the degrading 
mechanisms of microbes have become very important both naturally as in the case in the 
Mexican Gulf, as well as under controlled conditions during soil remediation, for example 
(Atlas, 1981). An important bacteria for degradation of oil spill is Alcanivorax borkumensis. 
This species is using especially the alkanes as its major energy source. The alkanes are 
degraded into mainly CO2 and water. To make this degradation efficient, the oil film should 
first be broken down into small droplets, so that the oil surface area becomes larger one. In 
the Mexican Gulf this was achieved by the addition of huge amounts of tensides. BP used 
approximately 7 million liters of the chemical Corexit in 2010 to disperse the oil. At the same 
time researchers have shown that at least the bacteria of the genus Marinobacter are 
degrading oil slower in the presence of Corexit compared to the situation without it. After the 
oil release from the platform in 2010 also the amounts of Marinobacter sp. bacteria were 
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quite low in the Mexican gulf. The Norwegian research institute SINTEF has developed 
another mechanical dispersion method without the use of chemicals. They use a number of 
parallel jets that disperse the water/oil mixture into small oil droplets in the water. The jets are 
sitting at the front of a ship that then disperses the oil film at the surface in front of the ship. 
For light fractions this may also cause evaporation of hydrocarbons to the air (Tesseraux, 
2004). 

At SINTEF also experiments have been performed where ammonium nitrate and 
ammonium-bi-phosphate have been added to the oil as dispersed solution with 
microorganisms. As the bacteria get the additional nutrients, the degradation speed increases 
significantly (Nielsen, 2016). In cold areas the microbial degradation is slow, and then it can 
be good to first burn the oil at the surface. This has been proposed by the Aarhus University 
(DTU) in Denmark.  

By mixing soil with a culture of e.g., soil from an oil-spillage site or a slurry from this, 
the adapted microbes can be boosted to degrade the oil and by optimizing the conditions this 
can be a relatively quick process. Temperature should not be a too low or too high one, 
nutrients like nitrous and phosphorous ones and trace elements should be enough of. If the 
process is an aerobic one, air should be introduced into it.  

At the same time we also need to avoid counter-productive reactions. If we add nitrous 
compounds to soil which is not aerated and also cold, like during spring and winter when 
there is ice in the ground, ammonia and nitrate can be converted into N2O, lust gas. This is a 
strong greenhouse gas, some 300 times more influential than CO2. If we add NH3 to an 
uncovered soil, it may evaporate and thus it is better to use fertilizers or biological N2 fixation 
for growing some crops instead. Then we avoid most of the negative effects at the same time 
as lower amounts can give the same positive effect on crop production. By right 
administration of fertilizers we create good conditions for farming by also avoiding leakage 
and evaporation of nutrients, as well as for avoiding the formation of greenhouse gases. 
Besides the crop rotation with cycles of the leguminous plants, also autonomous N2-fixation 
could be a significant factor in soil improvement (Hakalehto, 2016). 

If we have a lot of organic material and anaerobic condition, we also get methane gas. 
This can be a positive effect if we can collect the methane, as is being done on many waste 
deposits, but very negative if the methane is released to atmosphere. Methane is 
approximately 25 times stronger as a greenhouse gas than CO2, and thus it should be 
prevented being released to the atmosphere. Leakage of methane is often taking place during 
natural gas production, but also from natural sources e.g., from the wetlands. 

Even though the oil leakages through accidents are important, it is estimated that of some 
1.3 million liters that are leaked into the sea annually, 46% is from natural leakages at the 
bottom of the sea. As these leakages normally are continuous but relatively small, 
microorganisms and other species of biological organisms adapt to them, and thereby reduce 
the negative impacts. The second largest emissions are from leakages caused by all of us due 
to poor handling of e.g., oil and gas from vehicles, that is dropped out and leaking through 
soil into waters. Significant amount of oil hydrocarbons and ash are emitted into water and air 
during automated car wash (Hakalehto et al., 2013a). Shipping is estimated to cause 12% of 
the emissions, mostly from engines and fuel tanks that are emptied. The big accidents are the 
remaining 3%, although the most focus of the mass media is concentrated on these. We all 
remember the gas leakage in California in the end of 2015, which was tightened not until the 
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year 2016, and reports were made on the situation frequently. Of course an accident in an area 
where a lot of people live becomes more noted than if it happens far away.  

Since many decades back soil remediation has been an environmental service offered by 
several companies. In the US Combustion Engineering, auditing was performed on the 
polluted sites. They were also offering services for the remediation. One version of this has 
been to plow the soil and inject microbial culture, preferably also peat or other soil enhancing 
substances, with oil degrading microorganisms and then feed them with nutrients promoting 
microbial growth and metabolic activity. The soil remediation is then made in situ. The 
positive aspect is that you don´t need to transport the soil. Another method is to move the soil 
to a hard surface area where solution of microorganisms is pumped onto the soil and leachate 
is collected and recirculated. In this way the risk for leakage of polluted water to the 
neighborhood is reduced, but instead you have to transport the soil, which cause costs. Both 
methods can give good results within reasonable time, like in months or in a year to make the 
soil non-toxic again. We then assume that the oil is contaminated by “normal” hydrocarbons, 
and not by PCB or similar more difficult substances, which demand incineration to really get 
destroyed. 

 
2.1.3. Mixed Microbial Cultures for the Oil Remediation 

Mixed microbial cultures that have been isolated from areas that are continuously 
burdened by oil pollution, function usually best for oil decomposition. In the decomposition 
of hydrocarbons, with such a culture, an 81% result was achieved when nitrogen, phosphorus 
and iron addition was used at 30 degrees Celsius (86°F), pH 8 and the partial pressure of 
oxygen being 100% (Cain, 1984). Different oil fractions decomposed with different efficacy. 
Within 12 days, 92% of saturated hydrocarbons, 83% of aromatic hydrocarbons, 63% of 
polarized components and 48.3% of asphaltenes had decomposed. In this experiment, the 
decomposition efficacy was based partially on the emulsifying substances which the microbes 
themselves excreted. 

Comparing the decomposing ability of a natural mixed culture to similar features of a 
mixed culture of three Pseudomonas strains, it was noted that in the former case 97% of the 
oil fractions decomposed and in the latter only 56%. In the stabilizing of natural cultures, a 
continuously functioning (chemostat) fermenter can be utilized. In some experiments, an 
“artificially” added bacterial inoculant disappeared totally in the natural environment 
(Berwick, 1984). In addition to the bacterial strains, also microbial enzymes can be added to 
polluted water, mainly to complement the treatment. 

In addition to the enzymes, some other substances that microbes produce, namely 
biosurfactants, can be applied for the cleaning of spillages. They are often the same strains as 
for example the ones used in the MEOR (“Microbial Enhanced Oil Recovery”). In the 
contamination of soil, the immediate threat by oil is generally caused in the form of the 
pollution of ground waters. The usability of microbiological methods in the prevention of this 
threat can only be fully evaluated in disaster situations. In a catastrophe that took place in the 
Rhein valley, a bacterial mixed culture (5000 CFU/g) (CFU = Colony Forming Units) was 
added to the 9 m deep drilling holes upstream from the disaster area (Petts and Möller, 1989). 
Nutrients were added together with the culture and nitrate was used as the oxygen source. The 
soil was irrigated (10 l/s) and from the holes drilled downstream, bacterial metabolic products 
were detected to be rising with the water to the surface (5 l/s). The surface level of the ground 
water rose 4-5 m and the temperature about 10 degrees in 8 months, which was caused by the 
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decomposition of the hydrocarbons by the mixed culture to get doubled from the original 
level.  

 
2.1.4. Decomposition Test of Oil with the Help of a Mixed Microbial Culture 

Acinetobacter baumannii is a bacterial species that decomposes oil components in Nature 
(Mishra et al., 2004). These bacteria have been tested for in situ cleansing of soil that is 
contaminated with oily sludge. This oily sludge comprises of soil polluted by crude oil, and it 
is easily decompose biologically as it contains alkanes, aromatic compounds, nitrogen, sulfur 
and oxygen compounds. A sample was collected from the polluted area and from this various 
bacterial strains were cultured. The bacterial cultures were cultivated in a minimal saline 
solution, in which the only source of carbon and energy was the oily sludge. The sample had 
five different bacteria that were able to utilize the oily sludge for their metabolism. The 
strains were tested with selective media, and two of them belonged to the Acinetobacter 
baumannii species (S19 and S30), the third was Burkholderia cepacia and the fourth 
belonged to the Pseudomonas species. The fifth strain could not be identified.  

The isolates were cultivated separately in two liter Erlenmayer bottles, which contained 
500 ml minimal growth medium each and molasses (2%) to replace the carbon and energy 
normally obtained from the soil. The isolates were scaled up into 10 liter bioreactors in which 
the same culture was used. The growth environments in the bioreactors were: 32°C (89,6°F); 
aeration 0,78 vol air/vol culture/min; mixing 250 rpm; pH 7,0 (controlled by 1N HCl/NaOH); 
growth time 15 h. Foaming was controlled with silicone oil. After cultivation, the bacteria 
were immobilized into the carrier material, corn cob flour (1:3). The mixture was bagged and 
preserved in 4°C (39,2°F) for 3 months. The 576 m2 polluted area was divided into 24 test 
areas. The test areas had the following growth conditions: 1) only nutrients, 2) bacterial 
culture containing all five of the soil oil decomposing bacteria, 3) bacterial culture (five 
different ones) and nutrients, 4) A. baumannii S30 and B. cepacia, 5) A. baumannii S30, B. 
cepacia, and nutrients, 6) control.  

Each growth condition was maintaining in four test areas. 
The decomposition of oil compounds was the greatest in test areas to which all bacteria 

and nutrients had been added. The amount of oil compounds decreased during 120 days from 
91,8 ± 9.2 g/kg to 47.2 ± 5.4 g/kg. This correlates to a 48,5% decrease, while test areas to 
which only nutrients had been added, the decrease was only 17%. In test areas with the added 
A. baumannii S30 and B. cepacia, the decrease was 35,7% and in test areas that additionally 
had also nutrients, the decrease was 38,1%. Both A. baumannii strains were active and stabile 
even after a one year test time. One advantage of the A. baumannii strains is also their 
readiness to be selected with antibiotics. Therefore, they are easy to follow up in soil samples 
(Mishra et al., 2004). 

 
 

2.2. The Biotechnical Cleansing of Contaminated Soil, Dump Waste, Waste 
Treatment Sludge and Miscellaneous Biomass 

 
2.2.1. Composting and Equivalent Processes 

Currently, there are different composting methods and equipment for the composting of 
organic material such as biowaste and biomass. Some examples of the equipment the tunnel 
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composter, drum composter and the silo composter. In these the composting material is fed 
into the composter. Then in specific conditions, the composting commences. In some 
currently known composters, air is led into the composter during the process. This improves 
the microbial access to oxygen and consequently the composting efficiency of the organic 
material. The bioreactor/composter from Biopallo Oy of Finland is designed into the shape of 
a ball. This represents one alternative technical solution that has been tested in practice. The 
method involves the exploitation of recovered microbes from the environment (Hakalehto, 
2015c). This knowhow should be evaluated with scientific criteria and the research on the 
isolated microbial strains performed carefully, and the results documented. In other words, 
the microbes that are important in the decomposition process could be identified. Their 
interactions could be studied with the PMEU device developed by Finnoflag Oy (Hakalehto 
et al., 2007, 2008, 2010, 2013b). Similar technical results with aerated or oxygenized 
solutions have also been reported by Esparza-Soto et al. (2006).  

These types of techniques are available also for anaerobic processes, in which case biogas 
has been recovered from purified sludge and at the same time organic toxins (for example 
TNT, trinitrotoluene) have been degraded from soil material (Shen et al., 2001). Such 
technical solutions have also been designed by Finnoflag Oy and the testing of them requires 
suitable test arrangements. Anaerobic immobilized (biocatalysts bound to the carrier matrix) 
microbes have been used for the recovery of chromium from soil or water (Kamaludeen et al., 
2003). It has also been recommended to use aerobic and anaerobic reactors in series in order 
to recover organic chemicals from waste waters (Hu et al., 2005). In this case, benzoate, 
theophylline and chlorophenol in artificial waste water were recovered totally and a 90% 
decrease in chemical oxygen demand (COD) and a 74% decrease in nitrogen were achieved. 
In the future, these types of solutions could be developed for the treatment of waste spillages, 
waste sludge or waste waters. In Technion, Haifa, Israel, Dr. Sheldon Tarre and his coworkers 
have developed methods for the utilization of evolving mixed cultures for the degradation of 
toxic compounds (Desitti et al., 2017). The could be combined with processes where energy 
(biogas), fertilizing material or chemicals are produced. Different wastes could also be 
selectively fed into the process. 

The current composting methods generally function rather well, but in practice the 
process usually takes a relatively long time (normally several weeks), and it is difficult to 
control. Also, when using currently known composting methods, the organic material is 
composted in uneven fashion and it is not possible to verify the progress of the process’s 
stages or hygienization results. For example, in the solutions developed by Finnish companies 
Biopallo Oy or Ecolution Oy biomass processing units could be developed into which various 
bioreactors could be combined. By this way the organic material will mix and decompose 
completely. The supply of oxygen and moisture to the material is as even and efficient as 
possible and the composting of the material takes place quickly and simultaneously in the 
entire batch. Consequently, with such a method, the organic material can decompose in 
clearly shorter times than with earlier methods and the resulting raw compost is of higher 
quality and more evenly composted. The process microbes in this and in other reactors can be 
tested in the PMEU device (Figure 2) rapidly and advantageously (Figure 2). Initial 
development work of processes can also be carried out in a very economical way in the 
PMEU equipment based on the speed and homogeneity of different reactions in this device. 
Similar studies have been carried out using the PMEU for the detection of water system 
bacteria (Heitto et al., 2006; Pitkänen et al., 2009; Hakalehto et al., 2011), intestinal microbes 
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(Hakalehto et al., 2007; Pesola et al., 2009) and wood processing plant microbes (Tervo, 
2005; Mentu, 2007; Mentu et al., 2009). See also the chapters 8-14 of this book. 

An excessive rise in the temperature has a retardant effect on the function of bacteria, 
whereupon the most efficient decomposing is achieved in a temperature that is dependent on 
the advancement of the composting process and the activity of the bacteria used for it. 
Usually, at the end of the composting process a temperature of 55-80°C is reached. This stage 
(so called raw compost) is achieved with the ballshaped device from Biopallo Oy utilizing 
suitable bacteria, in 20-30 hours from filling the organic material into the apparatus. The 
material that has been composted in this way is moved to an appropriate place for stabilizing, 
such as a stack prepared for this purpose. It could also be used as raw material for 
bioprocesses as described above. This requires, not only the further development of the 
reactor and the process, but also research and development on the microbial strains. Then the 
development of the new methods and reactor hardware for many different uses in waste 
treatment and utilization could be accomplished. 

 

 

Figure 2. PMEU device and the author (E.H.) in microbiological water analysis at the Karolinska 
Institute’s laboratory in Stockholm during summer 2006. Photo: Lauri Heitto. 
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2.2.2. The Use of Microbes in Decomposing Chemicals 
In different soil and water purification processes, microbes can be used in various ways. 

Either the soil is enriched with substances that activate bacterial growth, or during the 
cleansing of the polluted waters the bacteria are placed in a bioreactor through which the 
water flows. A microbe strain that advantageously functions or has an effect in soil can also 
be added to it. While enriching soil, test methods for measuring microbial activities for the 
screening of the soil quality have often been used (Hakalehto and Jääskeläinen, 2017). 
Microbes provide an efficient approach for the purification, when cleansing porous soil where 
a chemical rapidly spreads to a large area or to ground water, or otherwise when the transfer 
and removal of a land area is not cost-efficient. The term used for these microbial processes is 
bioremediation.  

The starting point of the operation is usually the recognized need for microbes for 
cleaning up of the polluted soil. The specific strains are enriched when the soil (or ground 
waters flowing into it) is exposed to toxic substances. However, in the polluted areas it can be 
tested if the desired microbes could grow in there. If there aren’t any of the desired kinds of 
microbes, they can be inoculated to the soil. If only small amounts of microbes exist, these 
can be enriched from a soil sample and then returned to the polluted area after enriching their 
growth in situ. As described earlier in this chapter, nutrients can be used for enhancing the 
desired microbial activity.  

Microbes can be used with both in situ and ex situ techniques. This means in practice that 
microbes cannot only be brought or enriched to the polluted site, but they can also process 
relocated soil or water. The development of waste transport methods makes it possible to 
convert landfills into waste treatment fields. Actually, these correspond to modern 
biorefineries. In addition to the logistics of the waste streams, it should be solved whether the 
exploited microbes are natural ones or genetically modified strains. The spreading of the latter 
into Nature must be prevented, since they may destroy the balance and cause unpredictable 
risks. One American company offering cleansing of chemical pollutions with the help of 
microbes was Clean Water Solutions Inc. (www.cleanwatersolutionsinc.com). The company 
used different archeons because adaptable strains can be found among this group. The 
company’s archeons survive in temperatures from below 0°C (32°F) to above 40°C (104°F). 
Therefore their use for the treatments is relatively easy. Table 1 presents the chemicals to 
which the company offered a commercial decomposing service. 

 
Table 1. Clean Water Solutions (www.cleanwatersolutionsinc.com) used archeons in the 

decomposing of the following chemicals 
 

Acenapthene Ethylbenzene Naphthalenes 
Acrolein Fluoranthene Nitrated Phenols 
Acrylonitrile Fuel Oils #1-6 Oil Based Fluids 
Alkylamine Oxides Gasoline Oil Based Inks 
Animal Wastes Grease Oil Based Paints 
Aromatics Heptane Organic Herbicides 
Benzene Hexane/Hexene Organic Pesticides 
Biphenyl Hydraulic Oils Pentane 
Brake Fluids Isoprene Phenoxyacetates 
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Table 1. (Continued) 
 

Chlorinated Phenols Jet Fuels Phenylureas 
Chloro Naphthalene Lubricating Oils Pulp By-Products 
Chlorobenzene Kerosene Phthalate Esters 
Chloroform Long Chained Alkenes Polycyclic Aromatics 
Crude Oil Marine Fuels Secondary Alkylbenzene 
Cutting Oils Mercaptan Sewage 
Cyanide Methylene Chloride Toluene 
Dichlorobenzene Monoalkylbenzenes Trichloroethylene 
Diesel Fuels Motor Oil (not synthetic) Vegetable Oils 
Diethyleneglycol MTBE VOC and Xylene 

 
Biocleansing does not always work if the polluted material contains large quantities of 

chemicals that are toxic to most microbes. Such toxins are chemicals that contain heavy 
metals, such as cadmium or lead or salts such as sodium chloride. Also, mercury may cause 
problems because it accumulates in organisms. In these cases, it is important to find a 
microbe that is specific to the chemical in question. The genetic modification of microbes 
includes many technical, ethical and safety issues. Moreover, the natural metabolic capacity 
of microbes should be taken into use innovatively with improved current cleansing technical 
methods.  

Important physico-chemical factors affecting to decomposition are (Bewley, 1986, 
according to Jeltsch, 1990):  

 
1) The sufficient concentration of degrading microbes in soil. 
2) The concentrations of substances that are toxic for microbial activity may not 

exceed the tolerance of microbes (Valo and Salkinoja-Salonen, 1988, according 
to Jeltsch, 1990). 

3) Other nutrients than contaminants to be decomposed must be sufficiently 
available. The most important nutrients are carbon, nitrogen, phosphorus, 
potassium and sulfur. The growth prerequisites of microbes can be improved by 
adjusting, e.g., the C:N:P ratio with the aid of fertilization and by adding trace 
elements when necessary.  

4) If decomposition takes place as an aerobic process, oxygen concentration in soil 
or the concentration of another oxidizing substance has to be sufficient. In case 
of anaerobic decomposition, in turn, the entry of oxygen must be prevented as 
effectively as possible. In some occasions, alternately aerobic and anaerobic 
conditions and microbial colonies are needed.  

5) Soil water content and structure affect to the migration and availability of 
oxygen and nutrients in soil. Specifically moisture optimum is important for 
effective microbial activity. In composting these conditions can be adjusted by 
watering, aeration and turning.  

6) Soil pH regulates the activity of most microorganisms. Too acidic or alkaline 
conditions can prevent or slow down the decomposition of contaminants.   
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7) Temperature has a substantial effect on the progress of decomposition. The 
optimum range for most microbes is 86..104°F (over or under this for thermo- 
and cryophilic microbes, respectively). Decomposition velocity roughly doubles 
when temperature rises by 10°F within the range of 41..86°F. 

 
At the early phases of a microbiological remediation, laboratory experiments are needed 

to find out what kind of degrading microorganisms there are in the soil, and how much. 
Moreover, it needs to be found out what kind of ground the soil forms for them and how the 
prevailing conditions should be changed in order to obtain optimal conditions. If remediation 
is solely based on using the microbes that are naturally existing in the remediation site, 
measures are limited to adjusting the conditions of the site. It is more effective to isolate 
suitable microbes and cultivate them in a separate process before injecting them to the soil. 
Isolation usually takes place from the group of microbes that are existing in the site. 
Companies that are conducting microbiological remediation projects may often have in stock 
dried microorganisms that are suitable for abundant contaminants. 

 
2.2.3. Chlorine Compounds 

Dehalococcoides sp. bacterial strains decompose chlorine compounds. The polluted area 
is first tested if the soil has enough of the said bacteria. If not, then these strains are delivered 
to the area. Dehalococcoides ethenogenes has been widely used for the decomposition of 
chlorine compounds. These compounds are one of the most common polluters of ground 
waters. The genome of the bacterium is currently being investigated. It originates from 
natural sources and is not genetically modified (Major et al., 2002). 

For example, in a study performed at Cornell University, the dechlorination of 
tetrachloroethylene (PCE) into harmless ethene (ETH) was tested. In the test the D. 
ethenogenes strain 195 was used. In the dechlorination it only applies H2 as the electron donor 
(Maymó-Gatell et al., 1999). 

The duplication time of the said strain was about 19.2 h and its yield was 4.8 ± 0.3g of 
(cell) protein per one mole of added chloride. The specific activity was 96.0 ± 10.5 nmol of 
added chloride per minute per mg of protein. The cultures that got H2 but no 
tetrachloroethylene, did not increase their growth significantly. The cultures that had got 
several doses of PCE utilized the received dose by converting PCE almost directly to vinyl 
chloride (VC). There were very few intermediate phases of trichloroethene or dichloroethene. 
The conversion of vinyl chloride to ethene began only when the PCE had been exhausted. 
The conversion of vinyl chloride to ethene, as well as the PCE conversion to vinyl chloride, 
were first stage kinetic reactions (Maymó-Gatell et al., 1999). 

The cultures were grown in anaerobic tubes, whose total volume was 27ml and the liquid 
volume 10ml. The saline solution contained 2 mM of acetate, vitamin B12 solution (0,05mg/l) 
and 25% (v/v) of sterile filtered anaerobic nutrition solution. The cultures were incubated in 
dark in a shaker at 35°C (95°F) 150 rpm. H2 (67 kPa; ca. 47.5 mmol/l) was added 
immediately after PCE and NaHCO3 was added occasionally to neutralize the formed 
hydrochloric acid (Maymó-Gatell et al., 1999). 
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2.2.4. Napthalene and Other Aromatic Hydrocarbons 
Polycyclic aromatic hydrocarbons, i.e., PAH compounds are hydrocarbons that are 

produced from aromatic rings that are linked together. PAH compounds are formed when 
organic material, for example wood, burns imperfectly. Many PAH compounds could cause 
cancer or mutations. In Utah, the appearance of bacteria that are capable of decomposing 
PAH compounds, were studied in the ash of a burned area (Moon et al., 2006). A surprising 
observation was that even in direct sunlight, some bacteria survived on the surface of ash. 
They were able to endure the UV radiation of the sun, apparently with the help of their 
pigments. From some of these bacteria it was possible to detect genes for the dioxygenase 
enzyme, which functions in the decomposition of the PAH compounds. With the help of these 
enzymes, microbes are able to decompose the substances in question to water and carbon 
dioxide, i.e., render them harmless. 

The PAH compounds are solid substances and they do not dissolve into water. Because 
PAH compounds are also very enduring substances, they accumulate into soil. In waters they 
sink to the sediments. PAH compounds are often horizontal compounds composed of benzene 
rings. Several benzene rings in one molecule are usually attached together as in naphthalene, 
but they can be connected also by a simple bond like in biphenyl. The body usually tends to 
change PAH compounds into a more water soluble forms so that they would exit easier. For 
example, a common carcinogen benzo[a]pyrene oxidizes with the help of an enzyme to 
process diol epoxide. Diol epoxide can react with DNA which causes mutations. This, in turn, 
could prevent the cell from dividing normally (Figure 3). 

The PAH substances gather into the body in a particularly fast fashion if they are in oily 
mixtures (http://www.nutramed.com/environment/carschemicals.htm). In this case they are 
stored more efficiently into kidneys, liver and body fat tissues. Background information about 
this accumulation of different categories of chemicals is obtained from: Adverse Health 
Effects of Chronic Exposure to Petroleum Combustion Products. On November 18, 1994, the 
first-ever conference on "Air Pollution: Impacts on Body Organs and Systems" was held in 
Washington, D.C. by the National Association of Physicians for the Environment. An 
abridged version follows. The relevance of this perspective increases with increasing air 
pollution and climate change. This information was updated in 2016 to the web site 
developed by Environmed Research Inc., Sechelt, B.C., Canada, which is the holder of Alpha 
Nutrition TM and some other trade mark rights. 

 

 

Figure 3. Benzo[a]pyrene converts to the shown mutagenic diol epoxide in the human body system. 

In the book “Biomass as Energy Source: Resources, Systems and Applications” (Edited 
by E. Dahlquist) there is a study on the microbial degradation of the outlet waters from car 
washing automates as simulated in the PMEU (Hakalehto et al., 2013a). In the car washing 
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industry, particularly in wintertime, a lot of chemical and organic pollution could be 
distributed to the soil and into the waterways. In turn, microbial community could facilitate 
the degradation of toxic organic compounds.  

A significant mechanism for the formation of PAH compounds are different waste 
incinerators into whose ash, soot and sweep wastes accumulate in large quantities. The 
toxicity of PAH compounds that form in burning coal was measured with the help of 
fluorescent Photobacterium phosphoreum bacterium (Mastral et al., 2002). This biological 
measurement method is one advantageous way of estimating the toxicity of different 
substances. This type of bioassay could be efficiently carried out with the PMEU device and 
similar experiments have been carried out in the Finnoflag Oy`s laboratory. 

The PAH compounds are formed also in the burning of plastics (Li et al., 2001). For 
example, in the combustion of polyvinylchloride (PVC), 195.4 mg of PAH substances per kg 
of waste were formed and in the burning of polyethylene waste, 462.3 mg was liberated per 
kg of waste. Efficient aeration during the burning process decreased the formation of toxic 
substances. One major issue in the field of environmental protection is the reliable 
measurement of the concentrations of the PAH compounds from different combustion wastes, 
as well as the reduction of their emissions. 

Polaromonas naphthalenivorans decomposes naphthalene from carbonic tar. Carbonic 
tar pollutes ground waters and is harmful therefore. The bacteria in question have been 
identified with a method in which naphthalene has been stained with a non-radioactive 
marker and delivered to the soil. When the formation of carbon dioxide in the test area has 
given signs of naphthalene decomposition, microbes have been isolated from the area, 
enriched with naphthalene containing medium, and their DNA has been examined (Jeon et al., 
2003). 

In the air, the PAH compounds are often bound to particles which are emitted in the 
vehicle exhaust gases, asphalt roads, coal and coal tar, forest fires, agricultural fires and waste 
plants, for example (http://www.nutramed.com/environment/carschemicals.htm). PAH 
compounds can also be found from soil and waters, for example, close to landfills, waste 
deposition or dumping sites and roads. Their background concentration in drinking water 
ranges from 4 to 24 nanograms per liter (in the USA). The normal background in countryside 
air is from 0.02 to 1.2 mg per cubic meter of air and in cities from 0.15 to 19.3 mg per cubic 
meter of air. The asphalt industry is also a significant producer of PAH compounds (ARMA 
1998). In the USA, it has been estimated that the asphalt industry produces about 3% of the 
total PAH emissions. Thus, grasping this issue promotes environmentally friendly action if 
the substances in question can be decomposed or their formation prevented. 

 
2.2.5. Benzene 

Benzene is known as an environmental chemical, and a hazardous substance which 
spreads via traffic and industry (www.nutramed.com/environment/carschemicals.htm). It is 
associated with oil industry, waste treatment and polluted soil materials as well as to the 
asphalt industry. In the human body system benzene transforms into phenol and its 
concentration can be measured from breath or blood, or as the phenol consentration of urine. 
While studying ground water and river water half-lives of benzene, 16 and 28 days were 
gained in benzene concentrations up to 3.2 μl/l during aerobic decomposition, respectively 
(Vaishnav, 1986). Benzene that has leaked to the ground evaporates from the surface. 
Benzene decomposes in soil in aerobic conditions, but its decomposition speed varies largely 
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depending on the circumstances. Benzene travels fairly well within soil and it can find its way 
into ground water and cause its pollution. A test equipment was designed to study the 
cleansing of soil from benzene with microbes (Figure 4) (Tsao et al., 1998). In a similar 
experiment, the decomposition of BTX (benzene, toluene, xylene) substances was studied. It 
is notable that no single microbe strain has adequate metabolic capacity to decompose all 
benzene derivatives, but the decomposition result is the result of the action of the entire 
microbe population in soil (or water or waste) (Choi and Oh, 2002). In other words, they 
perform the decomposing by so called cometabolism. To study this phenomenon, one can use 
also a test plant, in which the test chambers are the syringes of the PMEU devices by 
Finnoflag Oy (Hakalehto and Heitto 2012). This treatment could also get upscaled in such a 
way that it could microbiologically hygienize the soil or biomass (Hakalehto et al., 2016b, 
Kivelä and Hakalehto 2016).  

When the decomposition of different BTX compounds was studied with a peat biofilter, 
the following results were achieved (Figure 5) (Choi and Oh, 2002). A bacterial mixed 
culture, whose members’ metabolic capacities complemented each other, removed benzene, 
toluene, o-xylene and m,p-xylene at speeds 0.14, 0.35, 0.04 and 0.39 h–1, respectively. The 
tested concentrations with different substances were 0.1–5.3 g m–3 and air flow speeds varied 
between 0.55–1.82 m3 m–2 h–1, except for o-xylene, which achieved its critical gas 
concentration in 0.3 g m–3.  

 

 

Figure 4. A closed aerobic incubation system for the removal of benzene and its derivatives (BTX 
substances) from soil (modified from Tsao et al., 1998). 
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Figure 5. The substrate ( ) remaining in the soil and the 14CO2 ( ), that forms into it in the experiment, 
when single BTX compounds 3μl per one gram of soil, have been added. Each error bar represents the 
standard deviation of three samples (according to Tsao et al., 1998). The most active (“logarithmic”) 
periods of microbial degradation are marked in grey into the figures. In case of benzene and toluene 
they commenced with a slight delay, but from the start of the experiment, whereas regarding o- and p-
xylene the onset was more abrupt after a lag period of 4-5 days. 

 
2.3. The Enrichment of Metals with the Aid of Microbes in Their Removal, 
Recovery and Reuse 

 
A quote from the environmental report of Outokumpu Corporation (Finland) in 2000: 

“As examples of new applications of biotechnology in the metal industry are e.g., new 
research programs in the utilization of bacteria and peat in the cleansing of mining waters and 
the use of so called bioleaching in the separation of metals instead of traditional smelting.” 
An interesting application model developed in Montana, USA, suggests that the movements 
of metals and radionuclides in waste materials are controlled with the help of fermentative 
microbes through microbiological reduction and formation of chelates (Apel et al., 2006) 
(Figure 6). 

 

(
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Figure 6. The hypothetical effect of fermenting microbes and their metabolism products to the 
movement of metals and radionuclides. Modified from Apel et al., (2006). The electron flow from the 
microbes and their metabolites facilitates the reduction of the studied compounds.  

The term hydrometallurgy currently includes also biological precipitation (Figure 7). In 
practice the ore, or metallic waste, is treated into soluble form from which it is precipitated 
into pure metals. The most common solvents are sulfuric acid, nitric acid, hydrochloric acid 
and the aqueous solution of ammonia to which air has been blown in bubbles (Luhulima et 
al., 2004). 
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Figure 7. General metallurgic process flow chart (Forsén, 2014). 
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2.3.1. The Use of Acidithiobacillus Bacterial Species 
The microbiological recovery of metals is generally called “Bioleaching” or “Enhanced 

Recovery of Metals.” This method is especially efficient when metals are enriched from low 
concentrations. In 1957 the erosion of copper performed by Acidithiobacillus ferrooxidans – 
bacteria was noticed in America (Paulino et al., 2001) and this opened up a new research area. 
As a consequence, in Finland and many other countries, this has led to extensive mining 
operations (e.g., the Talvivaara mine in Sotkamo). A. ferrooxidans and A. thiooxidans are 
thermoacidophilic archeons, i.e., they survive in about pH 1 and can withstand the 
temperature increase that forms when the sulfur in ore oxidizes. They are also autotrophic, 
getting their energy from this oxidization reaction (not for example from the dissolution of 
organic material). This industrial field that began in 1957 is called “Biohydrometallurgy.” 
“Biomineralization” on the other hand means the accumulation of minerals as oxides and 
sulfides due to the action of microbes. These various techniques could be used for the 
recovery of metals that are found in lower concentrations, but could have high value in 
different industries. The metals could be microbiologically recollected also from such wastes 
as the discarded electronic equipment.  

Metals can advantageously be extracted with thiobacilli. In optimal laboratory conditions, 
up to 97% of copper has been recovered. Currently there are commercial applications for 
copper and uranium. Also, the recovery of the following metals with the bioleaching method 
has proven out to be technically possible: Ni, Zn, Co, Sn, Cd, Mb, Pb, Sb, As and Se from 
low concentrations in sulfide ore. The process can also be used to separate the insoluble 
fraction (e.g., PbSO4) from other metals in the same ore body. Holes, into which the microbes 
are placed, can be drilled into the ore. Gangue can be handled for instance in different 
reactors. In a similar way, it can be considered the option that metal waste can be exploited or 
metals can be recovered from waste materials. 

In the recovery of metals in various mining activities, the result is dependent on several 
factors: geological formations, the quality of ore, or the growth conditions of the microbes in 
use. It is noteworthy, that a microbe always modifies its own growth conditions, too. 
Oxidative activity in the case of Acidithiobacillus sp. bacteria is the result of temperature 
increase in the process. Other bacteria, such as Sulpholobus sp. (absolute thermophile which 
is in favor of heat and survives higher acid concentrations) can also be advantageous for the 
process, for example as oxidizers of iron. It is used for the processing of molybdenite. On the 
other hand, biocatalysis by Acidithiobacillus sp. does not endure high concentrations of 
molybdenum, mercury or silver. Thus, a continuous process could be designed for its 
recovery in order to keep the concentration low enough for preventing the downregulation.  

 
2.3.2. Different Usage Forms of Microbes in Metal Recovery 

In addition to the actual bioleaching technologies, some microbes, which include some 
molds, can collect into their structures high metal concentrations (www.microbiology 
procedure.com). This “bioconcentration” is a potential method for the recovery of rare metals 
(gold, silver) from industrial waste waters. Similarly, Rhizopus sp. molds have been used in 
the recovery of uranium from ores and from radioactive wastes. 

In the recovery of metals during the mining activities, for example in the above-
mentioned Talvivaara mine in Northern Finland, the bioleaching method was used. In practice 
it means that archeons and other microbes that naturally reside in minerals are induced, with 
the presence of water and air, to release metals of the ore into a solution from which they are 
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then recovered. See also the chapter 2. Processes can be carried out even during the 
wintertime, as heat is typically formed when sulfides in stones get oxidized. The growth 
speed of microbes is optimized in order to maximize the yield of the metals, and the 
productivity of the process. In the case of the Talvivaara mine, there was later on an extensive 
leakage of the mining waters which led to a kind of environmental catastrophe in the aerial 
lake and river systems and downstream, which almost led to the closure of these huge mines. 
However, this was not the downside of the microbiological technique in the first place. The 
difficulties related to the scale up of the process and handling of the vast volumes of rain 
waters which precipitated to the area.  

Besides from ores, metals can also be recovered as indicated above, for example from 
metal containing waste (Faramarzi et al., 2004). Different cyanide forming bacteria 
(Chromobacterium violaceum, Pseudomonas fluorescens, Bacillus megaterium) were 
cultivated among nickel powder or electronic waste. C. violaceum mobilized nickel into 
tetracyanoenickelate [Ni(CN)42−] from nickel powder. Gold dissolved microbiologically into 
dicyanourate [Au(CN)2−] from the electronic waste. In addition, copper in cyanide complex 
dissolved from circuit boards during biological treatment. This test arrangement was the first 
of its kind in which the mobilization of other metals than gold by microbes was carried out 
based on the ability of some bacteria to form cyanides. These kinds of applications have their 
place in the exploitation tool kit and in the waste circulation processes. Metal containing 
cyanides can easily be chromatographically removed in the industrial processes and recovered 
into activated carbon.  

In Argentina, in the recovery of copper, a pillar type of reactor was compared with a 
traditional bioreactor. The bacterium used in this case was Acidithiobacillus thiooxidans, and 
the latter reactor type performed better giving up to 56% yield in recovery. In the standard 
bioreactor, presumably the diffusion of oxygen and carbon dioxide to the cells actualized 
more efficiently, which in turn maintained better growth speed. The impact of gas conditions 
to the recovery of metals with the microbial process can efficiently be studied with the PMEU 
device (Portable Microbe Enrichment Unit) developed by Finnoflag Oy 
(www.finnoflag.com). In the PMEU we also studied the mobilization of the sedimented 
Phosphorus in the waterways as the sulfate concentration in the water increased due to mining 
effluents, for instance. This study was conducted in cooperation with the company 
Environmental Research of Savo-Karjala together with limnologist Lauri Heitto, and it was 
published e.g., in the book “Environmental Indicators” by Springer Verlag (Edited by R. 
Armon and O. Hänninen) in a chapter “Bacterial Indications of Human Activities in the 
Ecosystems” (Hakalehto, 2015a). 

Many of the bacteria used in the processing of metals belong to archeons, which often are 
also considered extremophilic organism, i.e., they thrive in extreme conditions (Perlman, 
2007). Such conditions are, for example, mine corridors devoid of oxygen, ground water at 
the depth of several kilometers, geysers, radioactive waste storages, volcanos or the inside of 
Antarctic ice. In these conditions, microbes often have particularly efficient enzyme systems 
in use. Laboratory researchers at UC Riverside have found over 300 bacteria species inside 
asphalt layers. This gives an insight into the diversity of the microbial world and the 
potentials for its exploitation. 

The three main components of bioprocesses are the microbe population (strain or 
combination of strains), the equipment (hardware) and the physiological research and 
knowledge about the metabolism of the microbe. The usability of the results is also dependent 
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on the product’s recovery method and its cost (downstream processing) (Figure 8). For the 
adjustment and control tasks, such techniques as artificial intelligence (learning systems) or 
so called consolidated bioprocesses (CBP) could be used. In the latter case, such unit 
operations could be possibly integrated with the degradation of organic compounds. See also 
Hakalehto (2015a).  

 

 

Figure 8. Basic bioprocess components.  

2.3.3. Geobacter Sulfurreducens 
Geobacter sulfurreducens is a bacterium suitable for the treatment of uranium. Its growth 

can be stimulated, for example with wine vinegar. These bacteria can convert the dangerous 
soluble form of uranium into solid form which separates from (ground) water and is thus 
recoverable. The microbial cells get their energy by transporting electrons to metals, such as 
uranium. This reaction leads to the bioconversion of uranium. The microbe has an ability to 
move towards the metals (Anderson et al., 2003). 

In Colorado, ground water contaminated by uranium was found near an old uranium 
mine. The concentration of the metal was between 0,4 and 1,4 μM while the permitted level is 
0,18 μM. Sodium acetate was pumped into the area as the electron donor during a period of 
three months. Uranium (VI) concentration began to decrease in nine days from the beginning 
of the pumping of the acetate. After 50 days, the amount of uranium had decreased under the 
critical 0,18 μM level. The amount of Fe (II) increased due to geobacteria taking electrons 
from Fe (III) compounds while converting uranium into its insoluble form.  

The above-described test pointed out that the method requires further optimization 
because geobacterial species turned out to be efficient reducers of uranium, but sulfate-
reducing micro-organisms, which became dominant during the long-term acetate input, were 
less efficient in the conversion of uranium. Thus, the conditions should be developed to be 
more stimulating for the geobacteria. The test did not cause significant changes to the original 
microbial population or pH alterations in the test area. (Anderson et al., 2003). 
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2.3.4. Geobacter metallireducens 
Geobacter metallireducens is a bacterium that also reduces metals. This bacterium 

reduces iron, manganese, uranium and plutonium, for instance. This gives hope for the 
potential removal of radioactive wastes, for instance. The G. metallireducens bacteria convert 
uranium from soluble form into solid form. Consequently, uranium doesn’t drift into water 
systems. The bacteria possess sensors that detect metals. If there are no metal ions close to 
their cells, they express their flagellae and move towards growing metal concentrations. In 
practice, the bacteria can follow a chemical path towards the metal source (Childers et al., 
2002). 

Strains of G. metallireducens have been studied for the treatment of vanadium. Vanadium 
is a metal that often pollutes ground waters in connection with mining operations. The 
oxidation levels of vanadium vary from -2 to +6. The most common, most mobile and most 
toxic form is vanadium (V). Research has shown that G. metallireducens converts vanadium 
efficiently from form (V) into form (VI) and the most efficient ion donor has been shown to 
be acetate. Then the (VI) form sediments as VO2+(IV) ion, which has been shown to be the 
most stable known diatomic ion (Ortiz-Bernad et al., 2004). 

In a practical experiment, the bacterial strains were first cultivated in a laboratory and 
then the bacterial conversion ability toward vanadium was tested in situ in ground waters 
close to an old quarry. During the test vanadium concentration did not have any goal or 
standard limits, but 0.77 mg/l concentrations were measured from the waters prior to the test, 
while the dangerous limit for humans is 0.33 mg/l. 

In the laboratory the bacterial cells were cultivated in anaerobic conditions at 30°C 
(86°F) in saltless water in the presence of bicarbonate buffer. The cultivation atmosphere 
consisted of N2-CO2 (80:20) gas mixture. Acetate was added as 10mM solution as electron 
donor and vanadium (V) in 1 to 5 mM solution as electron receiver. In the test vanadium (V) 
was converted fully to VO2+(IV) ion. The generation time of the bacteria was 15 hours as 
long as there was enough vanadium (V). Control tests were used to eliminate the possibility 
that heated or otherwise abiotic samples would exhibit the vanadium (V) conversion to 
VO2+(IV) ions. It is possible to carry out similar cultivations in different gas conditions in a 
small scale with different microbes and their mixed cultures to develop and test methods for 
the clean up of waters from heavy metals. Tens of even one different conditions could be 
tested in one PMEU device in a week, for example. 

In the test area, acetate (1-3mM) and bromide (100-300 μM) were injected into the layer 
beneath the soil surface from an oxygen-less tank. Bromide functioned as a follow up 
component of the solution’s drift. The solution was injected through 20 wells. Changes were 
followed up through 15 sampling wells and the results compared to three control wells. In 
four observation wells the vanadium concentrations decreased under a detectable level in 39 
days. In the other wells the concentration decreased to under the 0,33 mg/l risky 
concentration.  

 
2.3.5. Mercury 

Mercury is a heavy metal, which forms an environmental health hazard. Its soluble form 
Hg(II) distributes quickly along waterways. In Nature, Hg(II) gets methylated biologically 
and non-biologically to a CH3Hg+-compound, which is more toxic and more mobile than its 
precursor Hg(II). This organic methyl mercury accumulates in the food chain, more 
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effectively in fresh water than in the sea water. The mercury contents of the waste waters 
from a chlorine alkali plant were calculated by converting soluble Hg(II) to solid Hg(0) 
microbiologically. The solid mercury was filtered out of the waste water. The cleansing 
system of the waste water consisted of an immobilized biocatalyst’s “packed-bed” bioreactor 
and an activated carbon filter. In other words, the microbial strains used as biocatalysts were 
bound to the carrier material. The system reduced the waste water mercury concentrations for 
up to 99% (von Canstein et al. 2002a). 

The bioreactor in the experimentation above contained seven different microbial strains. 
Four of the strains were Pseudomonas putida strains (Spi3, Spi4, Kon12, Elb2), one 
Pseudomonas stutzeri (Ibu8), one Pseudomonas fulva (Spi11) and one a Bacillus sp. strain 
(I3F1), which was originally contaminant of the Spi11 culture. The strains were cultured in a 
series of seven bioreactors by continuously adding nutritional solution (sucrose 200g/l; yeast 
extract 200g/l; NaCl 30g/l; Hg(II) 1,0mg/l, neutralized to pH 7,0 with NaOH) and by 
cultivating at 35°C (95°F) for four days. The cultures were stored at 4°C (39,2°F) for 10 
hours prior to their use in the bioreactors. The waste water flowed into the bioreactor from 
bottom to top and the flow was increased gradually from 600 liters to 2000 liters per hour. 
The pH was kept neutral with NaOH and sucrose and yeast extract were added with 
continuous speed of 83 mg/l and 17 mg/l, respectively (von Canstein et al. 2002b). 

 
2.3.6. The Recovery of Other Heavy Metals from the Environment 

In Germany, heavily contaminated river sediment was treated with the help of sulfuric 
acid. This acid was formed as a result of microbial activity. In 21 days it was possible to 
recover 61-81% of Zn, Cd, Mn, Co and Ni, 21% of copper, while chromium or lead could 
hardly be removed (Seidel et al., 2004). The Pilot test was performed in reservoirs of 50 cubic 
meters whose depth was 1.8m. In reference experiment the microbiological recovery of heavy 
metals was compared with treatments in which inorganic sulfuric acid was used. The first 
treatment with microbes turned out to be many times more efficient than the abiotic method 
(Löser et al., 2006). The excellent results were achieved with an air-lift fermenter (in brackets 
the recovery efficiency in 8 days with sulfur addition of 3g/l): Cu (97-99%), Zn (96-98%), 
Mn (62-68%), Ni (73-87%) and Pb (31-50%) (Chen and Lin, 2004a). These results also 
support and give recommendation for the controlled use of gas to speed up the reactions. 
From cattle manure, considerable heavy metal recovery with a bioleaching method was 
achieved in 16 hours (Chen and Lin, 2004b). 

 
 

2.4. Climate Change  
 
Microorganisms of the seas constitute very important foundations of the food chains as 

they provide nutrition for higher forms of life. For example, microbial diatoms build 
skeletons of silica. If water pH is dropping there is a risk that they cannot form these 
skeletons and a large and important group of microorganisms would be lacking from the 
ecosystems. Due to increased combustion of the fossil fuels and the so called “acid rains” this 
is a real threat for the ecosystems. 

On the other hand, we also have identified microorganisms that may benefit from more 
CO2 in the growth atmosphere. Microalgae like green algae produce large amount of liquid 
oil, which is used as an energy storage but which could also be industrially utilized. By 
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extracting the oil from these microalgae and refining the oil by e.g., adding hydrogen, high 
quality diesel fuel could be produced. This is used as vehicle fuel, but could be produced in a 
much larger scale in future. The algal primary production by photosynthesis could be 
combined to the circulation of organic compounds in municipal waste, for example. It may 
even be possible to inject exhaust gas from the power plants into water and grow microalgae 
and other types of algae in such waste treatment ponds. By introducing waste water or sludge 
from municipal waste water treatment plants, phosphorus and other essential elements can be 
both removed from the water and provided as a supply for the algae.  

The microalgae can be kept in ponds where they circulate slowly. At a certain point 
flotation is performed in such a way that algae float to the surface and can be harvested. 
Fermentation processes can be utilized to produce both methane and other chemicals like 2,3-
butanediol or valeric acid and others (den Boer et al., 2016; Hakalehto, 2016; Schwede et al., 
2017). Residues can be combusted or recirculated to farmland as nutrients. Also, some 
valuable substances can be extracted directly from the algae before this, and thus give 
important contribution to the total economy of the process. The mixed culture and its 
photosynthesis, as well as bacterial growth, may be stimulated by exhaust fumes with their 
carbon oxides, into the broth as indicated above. In chapter 18 there is also a presentation and 
illustration of the technology for the enhanced combustion of organic wastes after 
microbiological pretreatments. 

 
 

2.5. Desertification and Its Reversion 
 
We are seeing a destruction of fertile soils in many countries. We have heard about the 

Aral Sea that has more or less disappeared due to drying out when water was taken from a 
river feeding it. In many other countries we see desertification. Often it is a combination of 
salting out and too little humus material in the soil. The humus material is needed to store the 
water and also the nutrients. The Indians in South America were burning coal only partially 
and thereby produced charcoal by that means, which was dug into the soil, and gave very 
good conditions for the crops to grow. It is not the char coal only that gives this effect, but the 
char coal is a very good basis for microorganisms that grow inside structures and on the large 
surface areas. 

If these techniques could be utilized more and be combined with desalination going 
beyond what is normal today to get lower salt contents, we would have means for 
counteracting the desertification. Membrane distillation is such a method, giving very pure 
water. It is driven by heat, which we normally have plenty of in areas where the 
desertification is worst.  

In fact, in the present discussion the term “desertification” is often replaced by “soil 
degradation” in several instances. Its opposite concept could also be “mitigating the effects of 
drought.” Under this kind of umbrella of novel activities, Faintend Oy, a Finnish high-tech 
company, is producing organic soil substituents, which bind water in such a way that it 
remains useful for both microbes and plants (www.faintend.fi). 

Vegetation cover, long enough fallow periods, adding manure or harvesting residues for 
organic matter, as well as reducing grazing pressure could be used to upgrade land for the 
agricultural use. Simultaneously, it is increasingly important to pay attention to regaining the 
microbiological balance of the soil. The above-mentioned corrective measures in fact relate to 
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the promotion of the soil microbiome. This type of activities is reviewed also in the chapter 
16 of this book. 

 
 

2.6. Mining Catastrophes 
 
Microorganisms can be used to extract metals from leach water. This is also utilized by 

explorers by measuring the content of e.g., copper, zinc, gold and silver in peat growing 
downstream of the source of metal contamination. Micro-organisms are then used to leach out 
crushed rock including e.g., sulfides of the metals. The sulfide is oxidized by bacteria to form 
hydrogen sulfides, which dissolve more metal ions from the mineral. By recirculating the 
liquid after extracting the metals using e.g., ion-exchangers the process can be running. The 
basic chemical causes of these mining accidents and the follow up of the accumulation of 
heavy metals are discussed earlier in this chapter, too. 

Unfortunately this can also cause problems if the process is not controlled in a good way. 
The leachate with metals can take other routes and poison land downstreamed the mining area 
if the process is not kept closed. Slag from the mining operations is also stored and can break 
through dams and float away, causing the same type of problems, but perhaps even worse 
ones if there are large amounts released simultaneously. 

 
 

2.7. Eutrofication  
 
At the bottom of many lakes we have huge amounts of organic material. Often it is 

microalgae which have taken up surplus of nutrients from the water, but then sedimenting to 
the bottom when they die out. There other microorganisms degrade the algae, but this process 
consumes oxygen. This causes deficiency of oxygen that would be needed for other animal or 
plant species like fish and others. Then also these higher organisms die and more organic 
material is formed and deposited on the bottom of the lake. Instead, plants like water 
hyacinth, for example, and other crops are growing on the organic material, and the lake 
could become dry land after many years. From natural perspective this may be fine, but if we 
want to preserve Nature it is less good. In the most Northern Countries, lake water can be 
cold enough to prevent any sudden changes. However, the melting of ice structures due to 
climate change may still cause remarkable ecological changes. This also modifies the soil 
microflora. 

A lot of the nutrients entering the lake are released there by microbiological activity in 
soil and waste water treatment plants. This can occur when we distribute manure at farmland 
where the amount is too high to be taken up by the crops or in the waste water treatment plant 
where microorganisms degrade household waste and other organic material, but not being 
100% efficient. Therefore some nutrients are passing out and cause eutrophication. Of course, 
it is not to blame the microorganisms. They are really doing a great job to serve us with this 
work, but as nature normally is not 100% but perhaps 90% efficient, we get this result. The 
same problem applies to the water purification plants where the microbiological cleaning 
efficiency could be 96%, for instance. However, in case of billions of bacterial cells per one 
gram of the sludge this could mean an outlet of 100M cells per ml. Moreover, among this 
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high number of cells some strains, such as antibiotic resistant ones, could get propagated 
(Hakalehto, 2011). 

Concerning the degradation at the lake bottom some actions can be taken to revert or to 
balance it. We can aerate the lake, and thereby avoid that fish is dying, but we can also dig up 
organic mud or sediment from the bottom, take out crops like water hyacinth growing there, 
to avoid their dying out and creating more humus on the bottom. In fact, the aeration is 
changing the microbiological balances of both the sediments and free water. Consequently, 
we may well talk about the “microbiological ecosystem service” in this case. Limnologist 
Matti Lappalainen in his company Water-Eco Ltd in Kuopio, Finland, has for a long time 
produced systems for the hypolimnion aeration. This bubbling effect in water is promoting 
the aerobic microorganisms and plant photosynthesis, but it leaves nutrients for the anaerobic 
bacteria as well. Studies on the water management and follow up by the Portable Microbe 
Enrichment Unit (PMEU) also exploit the air or gas exchange in the promotion of microbial 
growth promotion (Hakalehto and Heitto, 2012; Hakalehto et al., 2013b; Hakalehto et al. 
2015).  

 
 

3. ASPECTS OF BIOPROCESSES 
 
If we control the microbes and the ways how organic materials are degraded by them the 

results can be very positive both for the human economy and for the ecosystems. Degradation 
of the cellulosic materials is necessary for the biological cycle. No animals or crops can do 
this - only the microbes, particularly the molds. By cooperating in a synergistic way these 
components are degraded to e.g., sugars that can be used by other species. Microbes also 
convert N2 from air into NO3- ions, which are demanded by both plants and animals for their 
survival. Usually the nitrification bacteria are living around the plant roots, but cyanobacteria 
also in lakes and rivers.  

Other important reactions performed by microbes included e.g., the oxidation of sulfides 
to sulfate. Sulfides are very toxic to most animals as the sulfide ion replaces oxygen in 
hemoglobin and in the equivalent oxygen transferring compounds. It then attaches in a much 
stronger fashion than oxygen to the carrier molecule and therefore is not released when it 
should, and the animal could die due to suffocation.  

All soils are more or less unproductive if microorganisms do not convert minerals into 
nutrients. This means releasing metals and trace elements from the soil for the plant use. 
Microbes take part in the conversion of phosphorus and in the fixation of nitrogen from the 
air. By their activities humic material is formed into the soil, and the microbial biofilm is also 
giving space, aeration and channels for transport of the nutrients. This also makes it easier for 
plants to set roots through the soil. 

Some microorganisms are very tolerant to toxic substances. They can live where most 
other living species would die, and they also degrade toxic substances making the 
environment much friendlier for other species. Outside Bofors in Karlskoga, Sweden, 
microorganisms have been adapting to high concentrations of TNT in the waste water 
treatment plant taking care of “red water” from the production of ammunition. When TNT 
should be degraded at another site it turned out that these microbes could do a very good job 
on degrading the TNT to harmless substances in a bioreactor within a few weeks. 
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(Nehrenheim et al., 2011). It can be interesting to note what a reviewer of a paper describing 
this wrote when the results were presented. The reviewer said this was impossible as he/she 
had tried to degrade TNT with biological means without success. That more than 80% could 
be degraded thus sounded impossible. This shows how adaptable microorganisms are under 
right conditions. It is also known that properties like this can be transferred from one species 
to another through thin tubes connecting bacteria now and then. Small pieces of DNA move 
over and are integrated within the other bacteria´s DNA. This is a fast way of genetic 
exchange, much faster than what is normally possible in animals. In another study, Prof. 
Shimson Belkin and his group of the Hebrew University of Jerusalem have studied the use of 
the bioreporter genes for the detection of 2,4-dinitrotoluene and 2,4,6-trinitrotuluene from the 
land mines (Yagur-Kroll et al., 2014). In some earlier studies they even detected toxic water 
pollutant by bioluminescent reporter bacterial biochips (Elad et al., 2011). The verification of 
these molecules in soil clearly implies to the ongoing biodegradation. 

In the toxicity tests various methods have been used for the bioassays (Elad and Belkin, 
2017): 

 
1) acute toxicity measurements based on higher organisms, mainly fish and crustaceans 

(Hill et al., 2005), 
2) bioassays detecting vatious toxic compounds with a defined effect on the molecular 

level, e.g., the Salmonella Mutagenicity Test (Ames test). (Mortelmans and Zeiger, 
2000), 

3) reporter gene toxicity bioassays (Elad and Belkin, 2017), and 
4) biosensors (Belkin et al., 2017).  
 
Another way of adaptation and changing properties is epigenetics. During harsh 

environmental conditions the existing genes can be activated by e.g., methylation of DNA. 
New proteins can be produced, and this activation also is sustained from this generation to 
next and subsequent ones. This also can take place in animals, and the epigenetic mechanisms 
are interesting discoveries of last few decades (Relton and Smith, 2012). One example from 
human populations is that when the mother was starving the children and grand-children got 
heart problems. This has been shown in studies both in northern Sweden and in Holland. 

By these mechanisms (transfer of properties between bacteria as well as activation 
through epigenetics) bacteria have proven to be survivors in almost any kind of environment. 
They can also produce various resting forms. They can be in very hot environments like in 
hot springs, as well as in extremely cold environments. Microbial life can remain in very 
acidic environments as well as in very alkaline ones. The microbes can withstand strong 
toxics like high concentrations of heavy metals as well as most organic substances. This 
makes the microbes as a whole very important facilitator of the biological cycles on Earth. 
Otherwise the risk for irreversible pollution making the earth unfriendly for animals and crops 
would be very high, so we can just appreciate their work for us! 

Around 1860 biological waste water treatment was first used. Then bacteria were aerated 
together with waste water, and thereby organic material was degraded and built into new 
biomass. Later also denitrification was performed by promoting other processes using 
bacteria of the genuses like Nitrobacter and Nitrosomonas. The denitrification according to 
most modern terms, is in fact leading to the loss of nitrogen into the air, especially in the form 
of emitted N2 and nitrous oxides. These basic processes have been dominating the waste 
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water treatment for more than 100 years and are now in use worldwide. However, from a 
recycling perspective it is not very good method. Especially the denitrification is wasting the 
nitrous compounds into the atmosphere. This consumes a lot of air as well as gives less good 
effect if the solid fraction used as fertilizer and recycled to the farmlands. By mixing 
microbes with algae we can both produce air/oxygen enough for the microbes and 
simultaneously build both phosphorous and nitrous compounds into new biomass. By this we 
can reach lower emission levels at outgoing effluents and sludge that has a higher value. At 
biogas production units we also get more methane produced as we have both more biomass as 
well as the combination of algae and microorganisms, which gives a higher yield. We have 
seen that addition of 10% of algae gave 25% increased yield from the same amount of sludge. 
The reason is that the combination or joint culture is better for the microbes “doing the job.” 
In future we can expect to see this solution to get more efficient systems. The inclusion of the 
primary producers (the algae) makes it possible to establish a balanced microbial ecosystem 
into the waste water treatment unit. 

 
 

4. BIOGAS PRODUCTION AND BIOREFINERIES 
 
In China there are anaerobic bioprocesses in the range of 20 million biogas reactors. Most 

of them are very small, just for one or a few families, but they take care of household waste 
and give biogas for cooking food and light a gas burner in the night. There are also very many 
small gas bioreactors e.g., in India. Methane as biogas is a product of mixed microflora 
(Schwede, 2016). 

In Western countries as well as in larger cities, the biogas reactors are also used in 
industrial scale. In Germany organic waste is often fermented at farms to produce biogas, 
which is combusted in gas engines to produce heat and electric power for local use. In 
Sweden the gas is primarily used as vehicle fuel after upgrading it for fuel. CO2 is removed 
and the remaining hydrocarbons, mostly methane, have a higher heating value in the same 
range as natural gas. Only in Sweden there are today 270 gas stations for filling up gas in 
buses, cars and trucks. In Northern Ireland only, for example, there are about 35 biogas 
production units in farms for producing extra energy for the agricultural enterprises. 

In Nanyang in the Henan province in Central China, the Tianguan Bioethanol group has a 
large bioethanol plant producing ethanol from corn, wheat and straw of different kinds. 
Ethanol is used to produce a whole set of chemicals like tensides, plastic polymers for 
packaging and other uses and a number of organic acids and other bulk chemicals.  

Aside of this also the residue from the ethanol production is fermented in biogas reactors 
to form methane. During the ABOWE project in 2014 we found out that the digestate from 
biorefining would yield 10 times more biogas per remaining volume if applied for the biogas 
process (Schwede et al., 2017). 20 thermophilic reactors with a volume of 10 000 m3 each are 
first treating the residues. After this three large mesophilic reactors with a total volume of 50 
000 m3 degrade the macromolecules in the biomass even further. The gas volume from 
around 650 000 m3/year of ethanol produced is planned to be some 150 million m3 
biogas/year when full capacity is reached. The gas is dried but then directly introduced into 
the natural gas grid and used as household gas. As there are 11 million people in Nanyang the 
dilution is not too bad. This is still just a little of all biogas produced in China today, and the 
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plan is to build many more large scale biogas facilities for the production of biogas from 
agricultural wastes. A limiting factor though is a poor market for buying or selling straw and 
similar organic materials.  

 
 

5. HYDROGEN PRODUCTION 
 
Biohydrogen is a common product from anaerobic bacterial metabolism. On the basis of 

the results from the ABOWE project, for instance, H2 is emitted from various biowastes in 
relative high concentrations in the outgoing gas flow (Hakalehto et al., 2016a; den Boer et al., 
2016; Schwede et al., 2017). We estimated that from the Savon Sellu pulp and cardboard 
factory waste treatment site in Kuopio, Filmand we could daily collect it in amounts 
corresponding to 10.000-20.000 driving kilometers with a FCV (Fuel Cell Vehicle) from the 
natural gas flow. This amount is possible to get optimized and upgraded, since in this 
example we did not make any process improvement yet. Hydrogen technology has been 
applied for tram traffic in China and for trains in Germany (Figure 9. a-b). If the biohydrogen 
emitted from waste lands and treatment sites could be the main source of the fuel gas, this 
could lead into a remarkable step forward in the implementation of circular economy. In fact, 
in almost all decomposing biomass sources, biohydrogen is liberated as the result of 
anaerobic fermentation. In future, it could offer major solutions for the energy production and 
management of the big cities (Hakalehto, 2015d; Hakalehto 2016). 

 

  

Figure 9. a-b. The first tram in the world using hydrogen for fuel in China in 2015 (left) (source: 
www.rt.com), and the first train in the world using hydrogen will start in 2017 in Germany (right) 
(source: wonderfulengineering.com). 

 
6. GENERAL CONSIDERATIONS 

 
Until the very recent decades, environmental protection has been involved in the 

economic considerations only rather loosely, if not at all. Sustainability has been taken as 
something expensive, perhaps a kind of extravagancy at first, then as overpriced intellectual 
expenditure, almost snobbish or at least conceptual, or academic exercise. All these 
misinterpretations are now old-fashioned views and irrelevant ones, since the general public 
has understood the crucial role of sustainable technologies in the planetary survival. This 
gives grounds for the ecosystem services, too. 
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In any case, the environmental protection was, for a long time, far too costly, for which 
purpose we simply could not afford to invest. Now we are paying the price for that 
negligence. 

The costs of the unwise thinking as described above are now due to be paid in part by us 
and partially by the rising or coming generations. The cost of this delayed commitment may 
also become too high; it may cost us everything that we actually possess. The concept of 
private ownership of natural resources without responsibility may have led us to the brink of 
global catastrophes.  

Such reviews as the one by Harley et al. (2007) state that many other factors than 
environmental ones have impacts on the utility, and on the sustainability of all forms of 
human and economic capital are to be maintained intact for the future generations, not just for 
our natural capital. This distinction, however, could be an artificial one, caused by the about 
200 year old ideas of economic growth as the locomotive for the generation of wealth. This 
idea has been connected to all the living at the expense of the natural resources, whose value 
derives from the economic progress. This has led to the economic values to be priced 
according to the exploitation of these resources, and partially on the basis of the work needed 
for that. 

The increasing hunt for efficiency could lead to undesired developments. As it is stated 
by Hallett (2013): “Part of the problem with efficiency, perhaps, is merely semantic. When 
we claim efficiency we imply that we are also conserving – but efficiency and conservation 
are not the same thing at all. Efficiency can mean doing the same job with fewer resources, 
which is conservation, but it can also mean using the same resources to do more, which is 
not.” 

In the microbial world, the microorganisms carry out the (bio)chemical reactions with 
less energy using their enzymes to lower the need for external energy into the system. This 
makes the circulation of matter more productive even in the northern climate; it is the 
achievement of the microbes and their communities. See also the chapter 26. 

Moreover, the recycling outcome is a result of joint activities of the microbial 
communities, or alimentary microbiome (Lederberg, 2000; Hakalehto, 2012). If there are 
substances, which are not degraded by any single organism, several strains may combine their 
‘’metabolic strength’’ in a process called cometabolism (Dalton and Stirling, 1982). This is a 
fascinating example of built-in conservation (or sustainability) in the microbial ecosystem. 
Nature is saving the resources by the microbial interactions. Also, by joint metabolic actions 
or interactions of such related bacterial strains as Klebsiella sp. and Escherichia coli may 
double or multiply the amount of bacterial population growth in a dualistically balanced 
fashion. This has been demonstrated in a joint PMEU culture (Hakalehto et al., 2008). This 
example illustrates the basic principle of sustainability as it should be expressed by a balanced 
microbiome. Such activity could be transferred to most industrial processes or to the 
environmental management. As a consequence, human industries, as well as our economics, 
could become a part of the natural system of circulation of matter. 

In the above-mentioned sense of efficiency, the microbes are not necessary “efficient” by 
definition, because they tend to exploit all available nutrients or resources within a defined 
space. However, they speed up the recirculation, which is most important step toward 
effectiveness. And the speed of the recycling activity is actually dependent on us as the 
process is running by human personnel. From the planetary perspective we are hopelessly late 
in the efforts of rescuing the ecosystem functions in a sustainably optimal way. The biological 
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versatility of organisms has suffered a blast. In case of such lessened resources, we have to 
increase the “ecological effectiveness.” Most of all, this requires active microbiological 
ecosystems. We have to learn to use them at the industrial sites and for the revival of 
ecosystem functions, and that is giving us hope, in a massive way. 

The microbiological succession in the forest or agricultural soil corresponds to the 
gradual change of the microbiome along the intestinal or digestive tract (Hakalehto, 2015e). 
In both habitats, there are potentials for increasing diversity. This improves the quality of the 
ecosystem and its communications, whereas in case of the microbiome getting into a 
disastrous track, the balance is devastated and this leads to vicious circles and into a dysbiotic 
state on individual level or in any niche (Jaakkola and Hakalehto, 2012). 

 
 

6.1. Elements of Solutions 
 
Microbes will play an increasingly central role in the future energy solutions both locally 

and globally (Dahlquist et al., 2013). This will also enable the management of the biomass 
wastes closer to their origin. This also helps in finding climatologically sustainable solutions. 
For example, algal or bacterial strains can be effectively used for the assimilation of the 
emitted carbon oxides. In future waste biorefineries, there will be more symbiotic mixed 
cultures, such as the joint process between algae and bacteria (see above). In fact, the role of 
the carbon oxides in bacterial metabolism was discussed more than half a century ago 
(Kluyver and van Niel, 1956). The importance of CO2 in boosting the bacterial onset of 
growth has been demonstrated in both Gram-positive and Gram-negative eubacteria 
(Hakalehto, 2011, 2013, 2015c; Hakalehto and Hänninen, 2012). 

 

 

Figure 10. ABOWE Pilot A testing sites were around the Baltic Sea, in three countries, namely Finland, 
Poland and Sweden. This unit was planned under the bioprocess consultation of Dr. Elias Hakalehto 
and his company Finnoflag Oy at the Savonia University of Applied Sciences educational metal and 
machinery works (director, M.Sc. (Tech.) Anssi Suhonen). Photo: Ari Jääskeläinen.  

In the local perspective, for example in the city centers, suburbs and rural sources of 
biomass, such as animal houses or harvesting units as well as variable industries, the smart 
planning of both energy policies and nutrient circulation will increase the total economic 
performance and strength of the societies. Simultaneously, the environmental sustainability 
will remarkably increase. In other words, the future economic growth should not take place at 
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the expense of natural resources on ecosystems. Thus the economy and ecology could go 
hand in hand, which was provisionally demonstrated by the EU Baltic Sea Region ABOWE 
biorefinery project during 2012-14 (Hakalehto, 2016). The testing of the Pilot A was 
performed in three countries (Figure 10). Organic chemicals and hydrogen were produced in 
significant amounts at all testing sites, even without further process optimization. 

 
 

6.2. Processes for the Production of Specialty Chemicals 
 
Several biochemicals have been successfully produced by the microbiological means. 

The 30 most potentially profitable biochemicals have been listed by (Werpy and Petersen, 
2004). See the Table 2. 

 
Table 2. Some of the most promising products of the microbial bioprocesses  

(modified from Werpy and Petersen, 2004). The major production phase is indicated as 
G for gas and L for liquid. We have added the two-carbon containing compounds 

ethanol and acetate, as well as 2,3 –butanediol to the listing 
 

Carbon number Potential Top 30 candidates 
1 G Carbon monoxide & hydrogen (syngas) 
2 G/L Ethanol, acetate 
3 L Glycerol, 3 hydroxypropionic acid, lactic acid, malonic acid, propionic 

acid, serine 
4 L Acetoin, aspartic acid, fumaric acid, 3-hydroxybutyrolactone, malic acid, 

succinic acid, threonine, 2,3 –butanediol 
5 L Arabinitol, furfural, glutamic acid, itaconic acid, levulinic acid, proline, 

xylitol, xylonic acid 
6 L Aconitic acid, citric acid, 2,5 furan dicarboxylic acid, glutaric acid, lysine, 

levoglucosan, sorbitol 
 
One interesting example of an important production line is the manufacturing of mannitol 

instead of using the microbiological pure cultures, by the natural combination of microbes in 
mixed population of rumen bacteria using the patented methods (Hakalehto et al., 2016b). 
Mannitol is a sugar-alcohol which is a potential component of chewing gums, pastilles and 
sweets. It can also be used as an excipient of medical pills, tablets and other medicaments (del 
Amo and Hakalehto, 2015). Because of being readily dissolved in the mouth, the effective 
medical substances are liberated and absorbed already in the oral epithelia. This protects them 
from the degradative effects of e.g., the digestive tract microbiota. Therefore, pharmaceutical 
giant corporations, such as Merck Gmbh, are investigating its use as a potential carrier 
substance for future medical products (Ohrem et al., 2013). The purity of the industrially 
produced mannitol by the rumen bacteria is surprisingly high, about 80-90% of the dissolved 
solids, and the 10-20% of the impurities are not harmful ones from the purification point of 
view, being such readily removable substances as acetate and lactate. The rumen contents are 
not consider as manure, which distincts them from the waste sludge also legislatively. 

The residues from the mannitol process can be converted into various useful chemicals. 
For example, lactic acid is being processed by Probionibacterium sp. into propionate, acetate 



A Microbiological Approach to the Ecosystem Services 465 

and butyrate (Hakalehto, 2015f, 2016). The examples of mannitol or propionate production 
by bacterial cultures is a proof about the capacity of the microbial communities to produce 
services or goods for the society from side streams. Then the additional products of the 
industrial processes are clean water and air.  

 
 

6.3. Environmental Services 
 
It is a specific issue of particular interest; namely, the use of microbes for healing the 

environmental wounds in the ecosystem caused by unsustainable exploitation of natural 
resources in agricultural production, forestry, mining, various industries, housing and land 
use, as well as in the management of oceans and rainforests or the arctic areas.  

In fact, some of the most intense activities of man related to the landscape and the 
changing environment is the housing and urban infrastructure and the residential areas. This 
links our life style with the climate issues very closely. In her book “This Changes 
Everything” (2014), Naomi Klein refers to the big flood in New York in October 2014. “The 
disaster revealed how dangerous it is to be dependent on centralized forms of energy that can 
be knocked out in one blow.” Currently, the testing of the utilization of the zero fiber waste 
deposits in the bottom of Lake Näsijärvi, Finland, are on the way. We have managed to 
produce during piloting in the Finnoflag Oy’s laboratory industrially significant amounts of 
biochemicals from the lake sediments, whose removal is a necessity for taking the century old 
factory area into residential use (Figure 11). Economics of this type of ecosystem services 
warrants effective recovery methods for the biochemical products. 

In a sense of the communities to become more self-sufficient it is advisable to investigate 
and invest into the use of microbial biotechnologies in the circulation of matter (for the 
treatment of waste biomass) together with simultaneous production of renewable energy. A 
quotation of Klein (see above): “Denmark has among the most successful renewable energy 
progress in the world with 40 percent of its electricity coming from renewable, mostly wind.” 
Although these policies have violated the WTO regulation, they have had a major positive 
impact on the employment and social structure locally. The wind energy production in India 
announced to have 21,1 GW of installed capacity as of March 2014, with a growth target to 
be 15 GW, and potential from biomasses being also high according to “Make in India” 
brochure (published by the Department of Industrial Policy and Promotion of the Government 
of India). In all cases local the action could lead to remarkable progress and global 
consequences. There is a field station for incineration experiments in the middle of the 
campus at Baroda University (new name of the city is Vadodara). This tropical university in 
Gujarat, India, is housing the biggest historical library in entire Asia. The microbiological 
research at Baroda University is seeking for new means for the global ecodevelopment in the 
tropics, and these lines of research and development are implemented at many universities in 
the Southern hemisphere. 

Besides the sustainable energy production, the biomass waste sources could offer raw 
materials for organic fertilization. In the city of Helsinki, the sorted biowastes have been 
mostly used for biogas production (Figure 12).  
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Source: National Land Survey of Finland. 

Figure 11. Aerial photo of the Hiedanranta area, Tampere, Finland. The deposits of the 3 million tons 
zero fiber are located in the lake bottom (50%) and as an underground stock (50%). These accumulated 
biomass sediments have been formed during the 75 years of operation of the now closed P&P factory. 
This area is now intended for a site of a suburb of 25.000 inhabitants.  

 

Figure 12. Biogas production from wastes in Central Sweden. Photo: Sebastian Schwede. 
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6.4. Environmentally Distributed Microbes 
 
Any human activities emit microorganisms into the air, water or soil deposits. Our body 

system contains trillions of bacterial cells and other microbes. They spread in the outhaled 
gases, detaching from the skin, and in the defecated stools. See also the chapter 2. The water 
and food hygiene monitoring is largely based on the controlling of the fecal bacterial 
indicators (Heitto et al., 2012; Hakalehto et al., 2013b; Hakalehto et al., 2015). Enterococci 
can be used for the source tracking of the effluents and waste-waters (Heitto et al., 2006; 
Hakalehto, 2015a). This topic is further discussed in the chapter 12. Besides the natural 
water-borne microbes, we could actively add microbes to irrigation water, soil and to other 
entities for purification purposes. Our own microbiomes are interconnected with the ones in 
the environment. This is the permanent link between man and the biosphere, the soil, water 
and air. If the balances are lost in the ecosystem, the following crisis comprimises our health, 
nutrition and the very existence of our societies. But, on the contrary, if the resources offered 
by the microbial kingdom are fully exploited, this could decisively help in solving our 
problems. 

 
 

CONCLUSION 
 
We have learnt to think that our economic success is linked with the magnitude of our use 

of natural resources. However, resilience of our environment is the major capital for future 
enterprises. This has been evidenced by several both natural and man-made catastrophes, 
where the microbiota has offered solutions to continue both living and economic activities. 
Consequently, the value of the ecosystem services in cleaning up the polluted environment as 
well as improving our surroundings, food production, health and well-being and overall 
quality of life, has been widely understood and realized. Microbes form the essential force 
and powerhouse for the management of the local and global ecosystems. 
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