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Much attention has been placed on finding 
efficient processes for the production of  ethanol 
and other biofuels. One area that shows promise 
is the conversion of  synthesis gas (syngas) to 
ethanol and hydrogen by  both thermochemical 
and microbiological methods. Two promising 
methods for creating syngas are the gasification 
of  plant biomass and the pyrolysis of  carbon-
based waste products.  Overall the process of 
converting syngas generated from waste 
products to ethanol and hydrogen can greatly 
reduce the use of  imported petroleum fuels and 
also reduce the effects of  greenhouse gases in 
the atmosphere. 
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Abbreviations
BRI- Bioengineering resources incorporated
CSTBR- Constant stirred tank bioreactor

Introduction
As the amount  of fossil fuels available de-
creases and the cost  of petroleum-based fu-
els increases, there is a greater need for al-
ternative fuel sources [1]. While methods for 
the production of cleaner, more abundant 
fuels exist, there is no consensus as to which 
method holds the maximum promise, result-
ing in an ongoing debate and also a high 
demand for more efficient processes to gen-
erate clean biofuels [2••]. One promising 
process for biofuel production involves the 
formation of synthesis gas which can then 
be converted to useful compounds.

Synthesis gas (syngas) is formed by a vari-
ety of processes with sources ranging from 

MMG445 Basic Biotechnology eJournal, 2007

This review comes from a themed issue based on 
current advances in the fields of applied microbiology, 
biotechnology, and pharmacology. It fulfills in part the 
assignment of the contributing author in MMG 445, 
Basic Biotechnology, Department of Microbiology and 
Molecular Genetics, Fall  semester, 2007.

Edit by George M. Garrity and Terry L. Marsh

© Board of Trustees, Michigan State University.
 All rights reserved.

commonly-used fossil fuels to completely 
renewable organic compounds. The vast  ar-
ray of feedstocks is one promising aspect of 
the use of syngas to produce fuel. The main 
components of syngas are carbon monoxide, 
carbon dioxide, and hydrogen. Each of these 
components can be converted to valuable 
products [3••]. While multiple pathways ex-
ist for the transformation of these products, 
most of the conversions are performed by 
microbial or thermochemical processes. 

This paper will identify current  methods for 
syngas production along with the methods 
used to convert syngas to useful compounds. 
Also, potential areas for improvement  and 
refinement  will be identified leading to an 
analysis of the current  marketability of bio-
fuel production from syngas on a large scale.

Sources of syngas
One advantage of the use of syngas to pro-
duce fuels is that syngas can be produced 
from waste materials that  would otherwise 
need to be discarded. Instead of placing 
waste products in landfills or the ocean, 
these waste products can be used to generate 
a useful, energy rich product [4]. This makes 
the syngas conversion process both an effi-
cient means of producing energy and an en-
vironmentally friendly option for the recy-
cling of waste products.

One waste product  that  is used to generate 
syngas is sewage sludge. Domínguez et  al. 
[5•] performed an experiment to determine 
if syngas could efficiently be produced by 
the pyrolysis of sewage using both micro-
wave and conventional heating. The source 
of sewage was a wastewater treatment facil-
ity.  Prior research had shown the need for a 
microwave absorber to be mixed with the 
sewage in order to permit  the pyrolysis to 
occur. In their experiment, char from previ-
ous reactions was added to the sewage to 
serve as the absorber. The char/sewage mix-
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ture was placed in a reactor which was then 
placed in an oven and heated to undergo 
pyrolysis. During the pyrolysis process, a 
variety of gases and liquids were formed, the 
desired product being synthesis gas. When 
using multi-chambered microwave ovens, 
the gases produced were 94% syngas. In a 
similar experiment also carried out by 
Domínguez et  al. [6], it  was determined that 
the calorific values for the produced gases 
were in the range of 7000 - 9500 kJ/m3. This 
is similar to the values obtained for the gasi-
fication of coal.  Therefore waste sewage 
could be used as a replacement  for 
commonly-used coal in the gasification 
process.

Another method for producing syngas is the 
pyrolysis of glycerol. Glycerol was selected 
as a potential source of syngas because it  is 
estimated that the rising production of 
biodiesel will result  in increasing amounts of 
glycerol as a byproduct. Canada alone is 
expected to produce 55 million liters of 
glycerol annually. Valliyappan et  al. [7•] 
performed an experiment  to analyze the ef-
fects of gas flow rate and temperature on 
syngas production from glycerol. It  was ob-
served that  gas flow rate had little effect on 
syngas production while the effects of tem-
perature were very evident. When glycerol 
was heated to 800 ˚C, syngas compositions 
of up to 93.5% were observed, more than 
20% greater than the compositions of syngas 
at 700 ˚C. 

Possibly the most promising process for the 
generation of syngas is the gasification of 
plant biomass. Virtually any carbon-based 
material can be gasified to produce syngas. 
The carbon that is stored in the plant mate-
rial is released as carbon monoxide and car-
bon dioxide allowing for nearly all the car-
bon in the biomass to be converted to syngas 
[2••]. The United States Department  of En-
ergy estimates that  over 75 million tons of 
corn stover alone is produced annually [1]. 
Utilizing the energy stored in these waste 
products would greatly increase the amount 
of ethanol and other biofuels produced an-
nually.

Products from Syngas
Currently, the most  desirable product  that 
can be formed from syngas is ethanol. Etha-
nol is already in use as a biofuel, but  it has 
only replaced a small percentage of 
petroleum-based fuels. Ethanol needs to be 
produced from low-value feedstocks in or-
der to be highly marketable.  While promis-
ing technologies are currently being devel-
oped to convert  the cellulosic content of 
plants to ethanol, these methods are only 
able to convert  about 50% of the plant  mate-
rial to ethanol. However, the gasification of 
plant biomass results in over 90% of the 
plant material being converted into syngas 
[2••]. 

Ethanol as a fuel shows much promise in 
helping reduce greenhouse gas effects and 
lowering domestic dependence on foreign 
petroleum. While complete replacement  of 
petroleum-based fuels is likely a long ways 
off, it  is estimated that ethanol could replace 
as much as one-third of the domestic petro-
leum use in the near future [1].

The use of mesophilic bacteria is one 
method for converting syngas to ethanol. 
Henstra et al. [2••] describe the process by 
which bacteria use the acetyl-CoA pathway 
to produce ethanol. During the process, hy-
drogen and carbon monoxide are oxidized 
while carbon dioxide is reduced multiple 
times until methyl-tetrahydrofolate is 
formed. The attached methyl group, along 
with carbon monoxide formed by the reduc-
tion of carbon dioxide and CoA present  in 
the cell, is then converted to acetyl-CoA by 
acetyl-CoA synthase and carbon monoxide 
dehydrogenase. Ethanol and a variety of 
other useful compounds can then be derived 
from acetyl-CoA.

An experiment performed by Younesi et al. 
[8] demonstrated the production of ethanol 
from syngas fermentation using the bacte-
rium Clostridium ljungdahlii. Younesi dis-
cusses multiple advantages of using mi-
crobes rather than pure chemical reactions, 
the most noteworthy of which are lower en-
ergy costs, higher yields, and avoidance of 
equilibrium reactions. In preparation for the 
experiment, Clostridium ljungdahlii was 
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grown and incubated and placed in serum 
bottles with nutrients. The culture media 
containing Clostridium ljungdahlii was then 
placed in bioreactors that  were sealed to al-
low for anaerobic fermentation to occur. The 
bacteria were then inoculated into the media 
in reactors and exposed to syngas for 48 
hours. Samples were taken from both the gas 
and liquid phases within the reactor to de-
termine the compositions of each phase. 
Various syngas pressures were used to de-
termine the optimal pressure at  which the 
bacteria produced ethanol. While acetate 
production did not vary with pressure, etha-
nol production was significantly higher at 
higher syngas pressures. The optimal pres-
sure of 1.8 atm produced ethanol concentra-
tions of 0.6 g/L.

Ethanol can also be produced from syngas 
using various thermochemical processes. 
Both carbon monoxide and carbon dioxide 
can be hydrogenated to form ethanol and 
water. This process is favorable and can 
produce large quantities of ethanol, but  side 
reactions must be limited. If methane is al-
lowed to form, it becomes the dominant 
product  and ethanol yields become negligi-
ble. In order to produce higher yields of 
ethanol, catalysts such as rhodium are used. 
Figure 1 shows the process of forming etha-
nol by the hydrogenation of carbon monox-
ide with a rhodium catalyst. After both hy-

drogen and carbon monoxide bind to the 
catalyst, some carbon monoxide gets hydro-
genated and becomes methanol. The remain-
ing carbon monoxide dissociates and can 
then be hydrogenated to make a hydrocar-
bon. Upon further hydrogenation, methane 
is formed. In order for ethanol to be formed, 
an undissociated carbon monoxide molecule 
must bind between the Rh and the hydrocar-
bon. This creates an enol intermediate that 
can form either ethanol or higher oxygenates 
[3••].

While ethanol has much potential as an al-
ternative fuel source, hydrogen has the po-
tential to be even more efficient  as a fuel 
source. Hydrogen introduces no new carbon 
to the atmosphere and produces no harmful 
byproducts. The main hindrances to hydro-
gen use as a fuel are the difficulties in trans-
portation and storage, as hydrogen is highly 
volatile. While hydrogen seems to be the 
ideal fuel for the future, more improvements 
are necessary to make hydrogen more port-
able and more easily stored. Future research 
will likely address these issues.

One way to obtain hydrogen from syngas is 
through the use of the bacterium Rhodospir-
illum  rubrum. R. rubrum  is a photosynthetic 
proteo-bacterium that  converts syngas to 
hydrogen through a process known as the 
Water Gas Shift reaction in which carbon

Figure 1 The process by  which hydrogen and carbon monoxide (syngas components) are converted using a 
Rhodium catalyst (the gray  semicircle) into methanol (Step 3), methane (Step 6), ethanol (Step 9), and other 
oxygenates (Step 8). From Spivey JJ, et al. Chemical Society Reviews 2007, 36:1518.
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monoxide and water are converted to carbon 
dioxide and hydrogen. Najafpour et  al. 
[9,10•] have performed multiple experi-
ments to test  the ability of R. rubrum  to con-
vert carbon monoxide to hydrogen while 
analyzing the effects of substrate concentra-
tions in the culture media and the effects of 
using various bioreactors.

In one experiment performed by Najafpour 
et  al. [9] R. rubrum  was grown in a serum 
bottle with various acetate concentrations in 
the media. After being exposed to syngas, R. 
rubrum  converted carbon monoxide into 
hydrogen through the Water Gas Shift reac-
tion. After being incubated for 120 hours, 
samples were taken to determine the cell dry 
weight, acetate concentrations, and carbon 
monoxide concentrations present in the reac-
tor. At  acetate concentration of 1.5 g/L and 
initial carbon monoxide pressure of 0.53 
atm, 2.35 mmoles of hydrogen were pro-
duced resulting in a 98% yield of hydrogen. 

One company that  makes use of multiple 
processes discussed here is Bioengineering 
Resources Incorporated. BRI takes in waste 
products and uses gasification to convert the 
various feedstocks into syngas. Then, the 
bacterium Clostridium  ljungdahlii is ex-
posed to syngas and performs fermentation 
producing ethanol in the process. The etha-
nol is then extracted by distillation of the 
mixture. An overview of this process can be 
seen in Figure 2. In addition to producing 
ethanol, BRI plants also generate electricity. 
Before the Clostridium ljungdahlii can util-
ize syngas for growth, the syngas must  be 
cooled. The heat  released during cooling is 
used to generate electricity. BRI claims that 
its process converts up to 85 gallons of etha-
nol for every ton of biomass it takes in and 
up to 150 gallons for every ton of 
hydrocarbon-rich material. BRI also states 
that its process takes 7 minutes to complete. 
This allows one reactor to generate 7 million 
gallons of ethanol annually. BRI states that a 
mid-sized plant  would contain 7 reactors 
converting 700,000 tons of waste to 49 mil-
lion gallons of ethanol annually [2••].

Potential Improvements
While the process of converting waste prod-

ucts to useful fuels is at  a marketable stage, 
there is still room for improvement. One 
process that  could potentially be performed 
more efficiently is the process in which the 
syngas is cooled after the gasification stage. 
While a portion of the excess heat  can be 
converted into electricity, some of the heat  is 
also lost to the surroundings. The discovery 
or genetic engineering of thermophilic bac-
teria that  are capable of converting carbon 
monoxide to ethanol would eliminate the 
need to cool the syngas before it  can be con-
verted to ethanol. This would greatly reduce 
the amount  of heat  that is lost in the process 
[2••].

Another area of potential improvement  is the 
reactor design and function. Younesi et al. 
[10•] performed an experiment  very similar 
to the one performed by Najafpour et  al. [9], 
using various reactor types to determine the 
optimal conditions for syngas conversion. In 
order to maximize syngas conversion, the 
mass transfer rate must be optimized. In the 
experiment by Younesi et  al., a microsparger 
was used to minimize the size of the gas 
bubbles, and the reactor used was a constant 
stirred tank bioreactor.  Both these factors 
increased the mass transfer rate. In the ex-
periment, R. rubrum was placed in a 2-liter 
bioreactor and exposed to syngas for a pe-
riod of 2 months. The agitation speed and 
gas flow rates were varied in order to deter-
mine their effects on the mass transfer rate. 
At low agitation speeds, little carbon mon-
oxide was converted due to the low mixing 
of reactants. However, when agitation 
speeds were raised above 500 rpm, the nu-
trients became toxic due to foaming of the 
mixture. Low gas flow rates did not provide 
significant amounts of carbon monoxide to 
be converted to hydrogen. However, when 
high gas rates were used, some of the carbon 
monoxide passed through the reactor too 
quickly and was not converted. For the ex-
periment by Younesi et al., it  was deter-
mined that the conversion of syngas to hy-
drogen occurred best with a gas flow rate of 
14 mL/minute and an agitation speed of 500 
rpm [10•].

Marketability
The use of waste products to produce syngas
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Figure 2. The process used by  BRI by  which syngas generated from the gasification of  biomass is con-
verted into ethanol. From Henstra AM, et al. Current Opinion in Biotechnology 2007, 18:201.

 that  can be converted into ethanol and hy-
drogen is currently being used by BRI. 
Though the process is efficient, BRI has not 
yet opened any commercial plants. While 
the plans exist  to build two plants that  will 
convert  municipal solid wastes and coal into 
ethanol, BRI is waiting for federal loan 
guarantees until it starts building these 
plants [2••]. There have been no plans to 
develop large plants. One of the strengths of 
the plant design is that it  is small and can be 
modified rather easily. This gives the advan-
tage of being able to set up plants in any 
given location to take care of a specific 
waste product or produce a specific fuel. 

While ethanol production from syngas 
seems to be marketable in the very near fu-
ture, hydrogen production may be further 
off. There is still a lot of work being done to 
determine the most efficient bacteria, reac-
tors, substrate levels, and flow rates. Also, 
because of the large economic focus on 
ethanol use, hydrogen is not  yet considered 
to be an ideal fuel by many. Until the market 
demand for hydrogen surpasses the demand 
for ethanol, it is unlikely that much funding 
will be available for that research.

Even though the production of hydrogen 
from syngas may be a few years off, the fact 
that both ethanol and hydrogen can be pro-
duced from syngas means that  syngas con-
version is a process that can be used both in 
the near future as well as in a number of 
years, when the market shifts from ethanol 
to hydrogen as a fuel source. This means 
that the use of syngas to create fuels will 
likely be one option which will be consid-
ered for many years to come.
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