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Ultraclean fuels production has become increasingly important as a method to help decrease 

emissions and allow the introduction of alternative feed stocks for transportation fuels. Established 

methods, such as Fischer-Tropsch, have seen a resurgence of interest as natural gas prices drop and 

existing petroleum resources require more intensive clean-up and purification to meet stringent 

environmental standards.  This review covers some of the advances in deep desulfurization, synthesis gas 

conversion into fuels and feed stocks that were presented at the 245th American Chemical Society Spring 

Annual Meeting in New Orleans, LA in the Division of Energy and Fuels symposium on “Ultraclean 

Fuels Production and Utilization”. 
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Introduction  

The cost-effective production and efficient utilization of energy and fuels has been the main 

stream driver for research and development in recent human history. Additionally, in the highly cultivated 

21st century, sustainable development is more deeply rooted in today’s society helping to dictate a trend 

towards increased energy efficiency and cleaner fuel production and utilization. Thus, clean and 

sustainable energy and fuels are increasingly important and desirable. Where fuels are concerned, a 

significant portion of petroleum is consumed in the transportation sector, and the situation has been 

enhancing as a result of the continuing increase in vehicle numbers and miles throughout the world, 



especially in the developing countries such as China.  Two important issues have emerged in recent years. 

The heavy dependence of transportation fuels on petroleum and the substantial content of sulfur contained 

in crude oil make SOx, from combustion in vehicles, one of the worst emissions in air. As a result of 

environmental and health concerns over SOx, increasingly stringent legislations are put on the reduction 

of sulfur in transportation fuels,1 and this has prompted new research into the deep desulfurization of 

petroleum feedstocks.2  On the other hand, because of its non-renewable nature, high consumption rates, 

and the limited reserves of petroleum, transportation fuels from non-petroleum resources have long been 

extensively explored.3-7 Among the available choices, the mixture of carbon monoxide and hydrogen 

(syngas) derived from other carbon-based resources such as coal, natural gas, and biomass has been 

proven a versatile platform for the synthesis of liquid fuels and high-value added chemicals.4-7   

Changing environmental regulations in the U.S and abroad are also a major driving force for the 

production of ultraclean fuels.  Petroleum accounts for 36% of energy use in the U.S, 93% of which is 

used for transportation.8  Increasing rates of personal vehicle ownership worldwide are proving to have a 

dramatic effect on the air quality locally and regionally.  Some success has been achieved through the 

decrease in particulate matter, SO2, NOx, volatile organics, and CO and lead as can be seen in Table 1.  

However, NH3 and CO2 are rising.  The dramatic rise in CO2 emissions from vehicles are a cause for 

concern which must be addressed through a mixture of increased engine efficiency, cleaner burning fuels, 

and alternative fuel development.  According to the U.S. Energy Information Agency, current U.S. natural 

gas reserves out number petroleum reserves 13:19.  The petroleum reserves are also dirtier and require 

more and more expensive downstream refining to meet more stringent environment requirements.  This 

makes the production of liquid fuels and feed stocks for chemicals by natural gas processing more 

commercially attractive.    

Table 1. Change in vehicle emissions from 1990 to 2008 in thousands of tons.  Data from 10-11. 

Source PM2.5 PM10 NH3 SO2 NOx VOC CO *CO2 Pb 
Highway  -213 -216 +153 -439 -4,386 -5,970 -71,389 +333,900 -0.42 
Non-road  -17 -24 -28 +85 +474 -76 -3411  -0.27 

*represents combined highway and off-road vehicles 



The need for deep desulfurization of petroleum feed stocks, changing environmental regulations, 

an increase in proven natural gas reserves, and improved process efficiencies have led to the emergence 

and quick development of ultraclean fuels. This is clearly reflected from the increased publication activity 

on clean fuel topics as given in Figure 1.  

 

Figure 1. Number of publications for the topic of “clean fuels and Fischer‐Tropsch” by searching Scifinder on May 15, 2013. 

 

Within this issue of Energy & Fuels, this special section highlights some of the papers presented 

in the symposium “Ultraclean Fuels Production and Utilization” at the 245th ACS meeting in New 

Orleans, LA from April 7-11, 2013 in the Division of Energy and Fuels. This session covered a range of 

topics included synthesis of fuels from algae and Fischer-Tropsch, deep desulfurization, and 

denitrogenation. Recent progresses and further developments in the two most popular topics, i.e., deep 

desulfurization and the conversion of syngas to clean fuels including hydrocarbons, higher alcohols, and 

Dimethyl ether (DME), are highlighted based on the presentations and the referenced results.  

 

Deep desulfurization of petroleum feedstocks 



The hydrodesulfurization (HDS) of petroleum feedstocks at relatively higher temperatures (> 

250 °C) and pressures (> 2500 kPa) has been successfully industrialized as an effective technology for the 

removal of the low molecular sulfur-containing compounds such as sulfides and thiophenes.12-14 However, 

in order to meet present legal limits on transportation fuels in developed countries, i.e., +99.99% of sulfur 

from a typical petroleum containing 1.5% sulfur,13 deep or ultra-deep desulfurization represents a major 

operational and economic challenge for the petroleum refining industry. To date, different strategies have 

been applied to meet the regulated sulfur levels, which are quantitatively reviewed in the recent 

references.13-17 Besides process considerations,14, 18 studies on the development of more efficient HDS 

catalyst have still been very active in recent years,13 and the strong inhibiting effect of the N-containing 

heterocyclic compounds on HDS makes hydrodenitrogenation (HDN) a hot topic in achieving ultra-low 

sulfur transportation fuels. Alternatively, oxidative desulphurization (ODS) by using green oxidant H2O2 

and novel methods based on photochemistry,16 electrochemistry,19 biochemistry,17 are also intensively 

investigated as important directions for ultra-deep desulfurization. During the symposium of “Ultraclean 

Fuels Production and Utilization”, all of these topics related to desulfurization were presented from the 

modification of the HDS catalyst20, the application of ionic liquids and magnetic nano-catalyst for ODS21-

23, to the replacement of molecular hydrogen with “in situ” hydrogen24. It cannot be denied that significant 

improvements in process engineering and deep understandings on catalytic science have been made for 

the ultra-deep desulfurization process. However, the statement in the 2006 review by Ito et al.,17 “the 

classical hydrotreating options and their offshoots still hold the field of transportation-fuel 

desulphurization” is still valid today. The best alternative process for deep desulfurization is not clear yet 

for ultraclean transportation fuels to be achieved in a more efficient, environmentally benign and 

affordable manner. The target of near-zero or zero sulfur, the increasingly poorer quality of feedstocks, 

and the economic factors are still great challenges for refineries.  

Ultraclean fuels from syngas conversion 

Syngas can be produced through the thermochemical gasification of coal, natural gas, biomass, 

petroleum residue, and even sewage sludge. When renewable biomass is used as a feedstock, sustainable 



production of synthetic fuels from syngas may be achieved with low net CO2 emissions. More 

importantly, the relative easier removal of impurities such as sulfur and nitrogen and versatile conversion 

pathways make syngas an increasingly important source for manufacturing clean fuels and chemicals. 

Production of syngas from various sources and its conversion to fuels and chemicals have attracted 

considerable attention, and significant progresses in both industrial and academic domains have been 

made in recent years.5-6, 18, 25-27 Among the possible routes for the conversion of syngas to fuels and 

chemicals,6 Fischer-Tropsch (FT) synthesis and syntheses of higher alcohols and dimethyl ether (DME) 

are closely pertinent to transportation fuels. Starting from the essential background information, the 

important findings presented in the symposium are highlighted as follows. 

Being the key reaction of coal-to-liquids (CTL), gas-to-liquids (GTL), and biomass-to-liquids 

(BTL), FT synthesis can upgrade coal, natural gas and biomass via syngas into clean hydrocarbon fuels 

free of sulfur, nitrogen, and aromatics. Both CTL and GTL have been successfully commercialized. 

However, due to Anderson-Schulz-Flory (ASF) polymerization kinetics, the FT products are a 

complicated mixture of mostly normal paraffins with a wide range of carbon numbers, and are 

nonselective to any specific product.28 For the production of clean, high-quality gasoline or diesel fuels, 

downstream upgrading of the FT products, similar to petroleum, is required. Thus, the selectively one-

step synthesis of targeted product such as gasoline via controlling the product distribution represents one 

of the recent developing trends for FT synthesis.28-29 In addition to the application of zeolites for this 

purpose,29 promising results for wax-free FT synthesis have been obtained by using montmorillonite 

derived materials and cobalt as catalysts,28, 30-31 and the catalytic behavior of the alkaline activated 

montmorillonite for FT synthesis was presented in the symposium32.  

In comparison with natural gas, a number of organic and inorganic impurities such as tar, NH3, 

and HCN are contained in the biomass-derived syngas,33 which is suspected to affect the performance of 

FT catalyst. When NH3 is concerned, it has been reported that the FT activity over CoRe/NiAl2O4 is not 

affected by adding 4.2 ppm NH3 into syngas.33 On the contrary, as presented in the symposium, hundreds 

hours of time-on-stream results indicate that a significant detrimental effect on the FT activity of 



Co/Al2O3 is observed even adding 10 ppm NH3 into syngas. In the case of product selectivity, the impact 

of NH3 is clearly dependent on its concentration34. This finding is very important for FT synthesis by 

using biomass derived syngas, which frequently contains a certain amount of impure NH3.  

Carbon efficiency has also continuously been an important issue for FT synthesis.4 The relatively 

low H2/CO ratio for syngas derived from the gasification of coal and the higher CO2 selectivity of iron-

based catalysts for FT synthesis make the CTL process have much lower carbon efficiency. The efficient 

hydrogenation of CO2 during FT synthesis is a goal for the production of hydrocarbon fuels. In this 

aspect, the effect of CO2/CO ratio in syngas on the FT performance of K/Fe-Cu-Al catalysts was 

investigated, and high CO2/CO ratio was found to be favorable for the catalytic stability by inhibiting 

carbon deposition over the catalyst35. FT synthesis in a fixed-bed reactor has been quantitatively 

investigated in supercritical media, especially pentane and hexane.36 In comparison with conventional FT 

results, the catalytic activity and selectivity of long-chain hydrocarbons are increased as a result of the 

higher heat and mass transfer rates of the supercritical media. Following these general observations, a 

new process by using compressed or supercritical CO2 as a reaction medium was demonstrated for high-

temperature (350 oC) FT synthesis over Fe-Zn-K catalyst, and presented in the symposium37. In 

comparison with the results without CO2, enhanced CO conversion to liquid fuels, tunable product 

composition, delayed catalyst deactivation, decreased CO2 production, and CH4 selectivity are clearly 

observed, the extents of which are strongly dependent on the ratio of CO2 to syngas and pressure. Besides 

the possible recycling of the unreacted gases, the additional benefit of the new process lies in the easy 

separation of the FT products into light hydrocarbons, middle distillate, and wax by simply tuning the 

pressure. Thus, a higher carbon efficiency of CTL is expected if the new FT process is applied. 

Higher alcohols can be promoted as alternative fuels or alternative fuel additives in transportation 

for reduction of greenhouse gas emissions and increased overall energy efficiency.38 Thus, the production 

of higher alcohols from syngas has been an important topic in C1 chemistry. In comparison with methanol 

synthesis, although the synthesis of higher alcohols is thermodynamically favored, the reaction rate and 

selectivity are low.6, 38-39 Mechanistically, two types of active sites for the molecular and dissociative 



adsorption of CO and their synergetic behavior over the catalyst are required for the production of higher 

alcohols from syngas.38-39 This is a great challenge in catalyst design.  By changing the preparation 

method of ZnZr oxides, a clear change of the higher alcohol selectivity from propanol to isobutanol was 

presented in the symposium40, which may shed some lights on the design of catalysts for selective 

synthesis of higher alcohols from syngas.  

The last topic which cannot be neglected for the synthetic fuels is the directly one-step synthesis 

of DME from syngas. DME is nontoxic and does not produce particulates after burning.41 In comparison 

with methanol synthesis, the direct synthesis of DME from syngas is thermodynamically favorable and 

kinetically viable. As clearly reflected from the two presentations in the symposium by using different 

catalysts42-43, the potential industrialization of one-step DME synthesis from syngas is technically 

feasible. The breakthroughs in catalyst technology will enable the replacement of DME for diesel fuel, 

prompting its implementation. 

 

Conclusions and Summary  

Dirtier feed stocks and higher environmental standards help drive the need for ultraclean fuel 

production.  Though processes such as deep desulfurization, particularly of dibenzothiophenes, have 

proven challenging, recent advances in catalysis and process technologies have helped to improve process 

efficiency and drive down associated costs.  Fischer-Tropsch conversion of fuels is attractive due to the 

recent decrease in natural gas prices and the relative ease of cleaning the syn gas stream, though the 

production of high quality gasoline and diesel fuel without large amounts of down-stream upgrading 

remains a challenge.  However, these advances with use of alternative feed stocks, such as algae and other 

biomass, will enable the development of cleaner, more sustainable transportation fuels. 
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