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Abstract  Alcohols belong to an important class of oxygenates, containing highly 
versatile hydroxyl (–OH) functional group(s) which are capable of undergoing a 
variety of chemical transformations, yielding fuels, fuel additives and a wide range 
of highly useful chemicals and chemical intermediates. Production of methanol, 
bioethanol and other higher alcohols in plenty, through various biomass conversion 
processes, has rendered them renewable and carbon-neutral in character and highly 
useful as platform chemicals. Novel catalytic processes for the conversion of ali-
phatic C1-C4 alcohols to C2-C4 olefins/building block chemicals, like ethylene, pro-
pylene, isobutene and butadiene, and oxygenates like aldehydes, esters and ethers 
and gasoline range hydrocarbons have been developed. Catalytic coupling of etha-
nol to higher alcohols followed by dehydration, oligomerization and hydrogenation 
to yield jet fuel and middle distillates results in the production of low-carbon renew-
able/sustainable fuels. Steam reforming and aqueous phase reforming of alcohols to 
produce hydrogen is yet another process option available for the transformation of 
alcohols that has several advantages over conventional, non-renewable methane 
steam reforming. Significant progress has been reported in the catalytic α-alkylation 
of ketone esters and amides with alcohols and aldol condensation of alcohols with 
other oxygenates like acetone/ketones. Catalytic upgradation of biomass-derived 
glycerol, furfuryl alcohol and sugar-derived alcohols like sorbitol, mannitol and 
xylitol results in a range of value-added products. The origin of such processes, 
process chemistry, development of catalysts, recent advances and future trends are 
covered in this chapter.
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1  �Introduction

In the journey towards clean energy and environmental sustainability, identification 
of biomass as an alternate, renewable and sustainable resource and the advent of 
biomass conversion processes for the production of fuels and chemicals are the two 
important milestones [1–5]. Abundant availability of various types of biomass [6–8] 
and the development of a series of biomass conversion processes, through homoge-
neous, heterogeneous and enzymatic catalytic routes, have opened up a new avenue 
of research, full of challenges and enormous opportunities [9–12]. Through sus-
tained research efforts, spread over more than three decades, a well-defined road 
map in this vital area has been drawn up. Emergence of the concept of biorefinery 
[13–15], akin to the petroleum refining/petrochemical plants based on fossil 
resources [16, 17], was the first step in this direction. As the nodal entity, biorefinery 
provides a structured approach, oriented towards the development of biomass con-
version processes for practical applications. Different types of lignocellulosic bio-
mass, which are useful as feedstock for the biorefinery, in general, consist of three 
major components [18], namely, cellulose (34–54%), hemicellulose (19–34%) and 
lignin (11–30%). Being complex in character, it is necessary that the biomass is first 
converted into relatively simple and active intermediates or platform chemicals, 
which can undergo further transformations in a facile manner, into value-added 
products with wider applications (Fig. 1).

In an effort to drive focused research work in the area of biomass conversion, the 
US Department of Energy (DOE) in 2004 identified a set of 12 platform chemicals, 
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Fig. 1  Primary processing of biomass in biorefinery (Adapted from Kohli et al. [19])
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namely, succinic, fumaric and maleic acids, 2,3-furan dicarboxylic acid, hydroxy 
propionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic 
acid, 3-hydroxy-butyrolactone, glycerol, sorbitol and xylitol/arabinitol, based on 
the importance of the final products derived from them, by utilizing the existing 
conversion processes [20]. With the development of novel catalysts and processes 
specifically for biomass conversion, a greater number of platform chemicals were 
identified, and the list was subsequently updated in 2010 to include ethanol, furfu-
ral, hydroxy methyl furfural, 2,5-furan dicarboxylic acid, lactic acid and isoprene, 
besides those considered in the earlier list [21]. Development of sustainable chem-
istry/processes now revolves around these platform chemicals for conversion to end 
products, which were otherwise being produced from fossil resources. It is pertinent 
to note that as many as five biomass-derived alcohols are considered as platform 
chemicals. Both sugar/starch-based and lignocellulosic feedstock-based biorefiner-
ies that follow biochemical (fermentation), thermochemical (gasification of bio-
mass to syngas) and hybrid syngas-biochemical routes [22–25] produce a range of 
alcohols, rendering them as abundantly available, low-cost and carbon-neutral plat-
form chemicals. In this scenario, several novel catalytic processes for the conver-
sion of alcohols into biofuels and value-added products have emerged. Salient 
features of such bio-alcohols-based processes, process chemistry, development of 
catalysts and future trends are described in this chapter.

2  �Chemistry of Alcohols

Alcohols (R-OH) belong to an important class of oxygenates, containing highly 
versatile hydroxyl (–OH) functional group(s) which are capable of undergoing a 
variety of chemical transformations involving cleavage of O-H or R-O bonds [26]. 
Variations in the molecular structure (primary, secondary and tertiary alcohols) and 
nature (mono-, di-, tri- and polyhydric alcohols) (Fig. 2) govern their reactivity and 
product selectivity for various reactions like oxidation, reduction, esterification, 
dehydration, dehydrogenation, nucleophilic substitution, etherification and cycliza-
tion. With the growing importance of biomass conversion processes, several other 
reactions of alcohols, like aldol condensation with aldehydes and ketones, acetaliza-
tion, alcohol coupling and aromatization reactions are being pursued [27]. Based on 
the carbon number, alcohols can be divided broadly into different groups, C1–C2 
alcohols (methanol and ethanol), C3–C5 alcohols (1-propanol,1-butanol, 1-pentanol) 
and C6–C22 long-chain alcohols (2-ethyl hexanol, 1-decanol) and sugar alcohols 
(sorbitol, mannitol). Besides their applications as fuels/fuel additives, alcohols, in 
general, are used as feedstocks for numerous processes related to a wide spectrum 
of industrial sectors, chemical, petrochemical, polymers, pharmaceutical, fine 
chemicals and agro-chemicals, detergents, personal care products, lubricants and 
industrial solvents for various applications (inks, paints, coatings, etc.).

Catalytic Conversion of Alcohols into Value-Added Products
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3  �Production and Applications of Alcohols

Methanol, with an estimated annual consumption of 97 MMT (million metric tons) 
during 2019 [28], is one of the most important bulk chemical and raw materials used 
for the production of a number of value-added chemicals (Fig. 3). Leading global 
companies engaged in methanol production are BASF SE, Methanex Corporation, 
Mitsubishi Chemical, Mitsui & Co., Ltd. and Petroliam Nasional Berhad (Petronas). 
Current industrial process for the manufacture of methanol is based on fossil-
derived (natural gas, coal) syngas (CO + H2) as raw material, mostly through the 
low-pressure process developed by ICI (now Johnson Matthey) operating at 
35–54 bar pressure and in the temperature range of 200–300 °C [29]. Details on 
100  years of history of industrial methanol synthesis process and catalysts, the 
developments starting from the wood-based process and the classical high-pressure 
BASF catalytic process down to the recent ones, major products from different 
methanol conversion processes and their applications and its fuel characteristics and 
applications as fuel/fuel additives have been covered in exhaustive reviews [29–31].

As on date, investigations on fundamental aspects and development of superior 
methanol synthesis catalysts/process continue to be active areas of research. Such 
studies are highly relevant, especially in the current context, wherein the emphasis 
is on the use of the most abundant greenhouse gas (GHG) CO2 in the place of CO 
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and moving towards developing sustainable, low-carbon processes, using renew-
able biomass resources. The basic attributes of green/renewable methanol are (1) 
use of renewable carbon source/waste product, (2) the hydrogen used is not pro-
duced from fossil fuel sources and (3) the energy used is generated from renewable 
sources [32–34]. Table 1 gives a list of such efforts for developing processes that 
utilize syngas derived from renewable biomass resources, utilize carbon oxides 
from industrial waste gases and municipal solid wastes and use renewable hydrogen 
by electrolysis [35]. The first three processes are in the advanced stage of develop-
ment. Compared to fossil-based, renewable methanol production results in 65–90% 
reduction in CO2 emission, depending on the feedstock and process.

Synthesis of methanol via enzymatic routes, by oxidation of methane by methy-
lotrophs (Methylosinus trichosporium) and ammonia-oxidizing bacteria 
(Nitrosomonas spp.), both using the enzyme methane monooxygenase, has been 
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Fig. 3  Consumption pattern for methanol, product-wise in 2019 [28]

Table 1  Novel processes under development for the synthesis of renewable methanol

Company/process Raw material

BioMCN, Netherlands Crude glycerine, green gas, biomass, CO2

Enerkem, Canada Municipal solid waste
Carbon Recycling 
International, Iceland

CO2 from geothermal power station and renewable H2 by 
electrolysis using geothermal and hydroelectricity

Chemrec AB, Sweden Gasification of black liquor from paper/pulp industry
Vamlandsmetanol, Sweden Gasification of forest residue biomass
Maverick Synfuels Biomass-derived syngas
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reported [36–40]. However, the maximum methanol concentration of 1.1 g/L makes 
it unviable economically. Tyurin and Kiriukhin [41] could achieve more than 70 g/L 
methanol from a 20% CO2/80% H2 gas mixture in continuous fermentation using an 
acetogenic Clostridium. The process could be a totally sustainable one, when CO2 
from any waste gas stream and renewable hydrogen from water via photovoltaic-
powered electrolysis are used.

With the addition of a number of renewable resources as raw materials, the cost 
of methanol as feedstock for chemicals and fuels is set to become competitive and 
hence the products there from (Fig. 4). With the continued growth of petrochemi-
cals, increasing demand for blending in transportation fuels/additives and use as 
alternative fuel, consumption of methanol is expected to grow. Besides, utilization 
of methanol for production of ethylene and propylene by MTO process has increased 
significantly, from 6% in 2011 [42] to 24% in 2019 [28], indicating a shift away 
from energy-intensive steam cracking process and fossil-based resources for ethyl-
ene and propylene production.

Ethanol—Unlike methanol and most of the other alcohols, almost all ethanol is 
manufactured worldwide by fermentation process that has undergone several 
improvements over the years to increase the efficiency and lower the cost of produc-
tion [43–46]. Broadly, three bio-based feedstocks, namely, (1) sugars (i.e. sugar 
cane, molasses, fruits, etc.), (2) starches (i.e. grains such as maize, root crops such 
as cassava) which are to be first hydrolysed to fermentable sugars, and (3) cellulose 
(i.e. woody material, agricultural waste, black liquor from pulp and paper) which 
again needs to be converted to sugars by the pretreatment with mineral acids (e.g. 
acid or enzymatic hydrolysis), are being used. Historical developments in the pro-
cesses for the production of ethanol through the first-, second-, third- and fourth-
generation bioethanol, utilizing different feedstocks/routes, have been covered 
extensively in literature [47–51]. A simplified representation of the bioethanol 
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manufacturing processes through the generations and the primary process steps 
involved therein are given in Fig. 5 [49].

Global ethanol production has increased steadily from around 75 billion litres in 
2007–2009 to 160 billion litres in 2019 [52] with coarse grains and sugar cane being 
the major feedstock and the USA and Brazil making up >80% of global production 
(Fig. 6). Corn/grains and sugar cane are food based and specific to the USA and 
Brazil. Amongst the feedstocks used for bioethanol production, non-food lignocel-
lulosic biomass is the most promising one, due to its abundancy, low cost and avail-
ability of appropriate process technology. However, the cellulosic process for the 
production of bioethanol is complex in nature involving several steps, and hence its 
price as biofuel is not competitive in comparison with fossil fuels and its utilization 
as raw material for the production of bio-derived ethylene. Recently an attractive 
strategy [53] to lower the cost has been proposed, wherein besides ethanol, other 
value-added chemicals could be produced as co-products.

Of recent, fermentation processes that use syngas derived from biomass, indus-
trial wastes and municipal solid wastes are being explored vigorously due to the 
potential advantages in cost and low-carbon character [54]. Gas fermentation tech-
nologies at pilot scale and demonstration plants have been set up by companies 
Coskata, INEOS Bio and LanzaTech [55, 56] with the ultimate objective of com-
mercial production. Availability of bioethanol in plenty from various biomass 
resources and development of processes for ethanol conversion to building block 
chemicals and key chemical intermediates (Fig. 7) have rendered it as a highly valu-
able and versatile platform chemical [56].

Fig. 5  Process steps involved in the production of bioethanol (Reproduced from Alalwan 
et al. [49])

Catalytic Conversion of Alcohols into Value-Added Products



512

Amongst C3 alcohols, 1-propanol is produced by hydrogenation of propanal, 
which, in turn, is manufactured from ethylene by hydroformylation process [57]. 
Attempts have been made for the production by microbial routes [58], and the best 
yield 10.8 g/L has been realized for the process using a recombinant E. coli as host 

180
billion litres

Other feedstocks

Roots and tuber

Biomass based (2nd
generation)

Sugar Beet

Molasses

Sugar Cane

Wheat

Coarse grains

160

140

120

100

80

60

40

20

0
2007-09 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Fig. 6  Global ethanol production (2007–2019) [52]

Fig. 7  Bioethanol—a versatile platform chemical (Adapted from Kuhz et al. [56])

R. Vinayagamoorthi et al.



513

[59]. 1-Propanol finds applications [57] as a solvent, antimicrobial agent and chemi-
cal intermediates for the production of value-added products.

There are two different routes for the manufacture of isopropanol, (1) indirect 
hydration of propylene with H2SO4 via a mixture of mono- and di-isopropyl sul-
phate esters and (2) direct hydration of propylene over an acidic heterogeneous 
catalyst [56]. Its applications include use as a solvent in inks and surfactants, as a 
chemical intermediate and as a cleaning fluid [57]. Microbial processes for isopro-
panol production, including Clostridium beijerinckii, engineered E. coli and engi-
neered Clostridium acetobutylicum [60, 61], have been reported.

C4 alcohols, namely, 1-butanol (n-butanol), 2-butanol (secondary butanol), 
2-methyl propanol (isobutanol) and 2-methyl 2-propanol (tertiary butyl alcohol), 
are highly versatile in terms of applications as solvents, in manufacturing of chemi-
cal intermediates and as fuel additives. Details on the manufacturing of 1-butanol, 
2-butanol and 2-methyl propanol by conventional chemical as well as microbial 
routes and typical applications have been described by Kunz et al. [56]. 2-Methyl 
2-propanol (tertiary butyl alcohol) is produced by hydration of isobutylene [62]. Its 
reaction with methanol/ethanol results in methyl tertiary butyl ether (MTBE)/ethyl 
tertiary butyl ether (ETBE), useful as octane booster and oxygenate for blending 
with gasoline. Tertiary butyl hydroperoxide (TBHP) is another useful chemical 
intermediate.

Amongst C4 alcohols, 1-butanol has the unique distinction of being highly useful 
raw material/chemical and the most efficient gasoline additive. 1-Butanol is consid-
ered as the next-generation biofuel [63, 64] with several advantages over ethanol 
(Table 2), such as higher energy density (29.2 vs. 19.6 MJ/L), lower volatility and 
solubility in water and non-corrosive nature. Besides, butanol blends well with gas-
oline and with higher air-to-fuel ratio results in more efficient combustion [65–69]. 
1-Butanol finds widespread applications in chemical industry, in the manufacture of 
butyl acrylate, butyl acetate, glycol ethers and plasticizers and as solvent in the 
manufacture of coatings, paintings, engineering plastics, super absorbent polymers, 
adhesives and sealants. With the increase in the consumption of 1-butanol for these 
applications, its market has been expanding over the years. n-Butanol market, esti-
mated at US$ 3.89 billion in 2016, is projected to touch US$ 5.58 billion by 2022, 
at a CAGR of 5.9% [70].

Currently, 1-butanol is produced from propylene by the oxo process [71, 72], 
which is based on the use of the raw material derived from non-renewable resources. 
Availability of bioethanol in plenty and at low cost has triggered global research 

Table 2  Fuel characteristics of 1-butanol vs. other fuels (Adapted from Gautam and Martin [65])

Fuel
Energy density 
(MJ/L)

Air-to-fuel 
ratio

Energy content/
Btu/US gallon

Research octane 
number

Water 
solubility (%)

Gasoline 32 14.6 114,000 81–89 Negligible
Diesel 35.5 14.7 130,000 nd Negligible
Butanol-1 29.2 11.12 105,000 78 7
Ethanol 19.6 8.94 84,000 96 100
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efforts on the development of sustainable chemical catalytic processes for the con-
version of bioethanol to 1-butanol via classical Guerbet chemistry [73, 74]. A num-
ber of reviews covering in detail the development of both homogeneous and 
heterogeneous processes and catalysts for the conversion of ethanol to 1-butanol 
have been published [56, 75–77]. Several types of heterogeneous catalysts, based on 
MgO, Mg−Al-O mixed oxides, Cu/CeO2, basic zeolites, hydroxyapatite, solid acid-
supported Cu and alumina- and carbon-supported metal catalysts, in batch and con-
tinuous-flow mode, under different reaction conditions, have been explored [77]. 
1-Butanol yields in the range 20–30% could be obtained with heterogeneous cata-
lysts [77] along with the formation of C4+ alcohols. With Ru-based homogeneous 
catalysts, n-butanol selectivity as high as 94%, but at very low ethanol conversion of 
22% (21% yield of butanol), has been reported [78]. Thus, achieving high yields of 
1-butanol remains a challenge. Increase in demand for 1-butanol has led to the 
revival of one of the oldest known fermentation processes, ABE (acetone-butanol-
ethanol) process for production of 1-butanol, using different strains of Clostridium 
sp. with glucose, starch, molasses, corn stover, rice straw and cranny grass as feed-
stocks [79–81]. Different types of biomass feedstocks, microorganisms, biomass 
pretreatment methods, extraction methods, genetic engineering techniques like cell 
recycle and cell immobilization and strategies to minimize product inhibition have 
been adopted to improve butanol yield [82–84]. Using starch-based packing peanuts 
as substrate for continuous production with C. beijerinckii BA101strains, 18.9 g/L 
of butanol could be produced from 80.0 g/L of the substrate within 110 h, indicating 
the crucial role played by the selection of substrate and microbial strain [85].

C2, C3 and C4 diols are highly useful chemical intermediates which can be trans-
formed into a number of value-added products. Mono ethylene glycol (MEG) is 
manufactured by hydrolysis of ethylene oxide, which in turn is produced by cata-
lytic oxidation of ethylene. Major application of MEG is as the monomer in the 
manufacture of polyester fibre and polyethylene terephthalate (PET), PTA being the 
other monomer. Other minor applications include anti-freeze and coolants, solvents 
and chemical intermediates (Fig. 8).

With the growing emphasis on sustainable products, bio-based PET is being 
manufactured, using bio-MEG produced using ethylene obtained by dehydration of 
bioethanol. PlantBottle, made from PET using bio-MEG and PTA, was introduced 
by Coca Cola [56, 87] in 2009. Global market for bio-based PET (containing 30% 
bio-MEG and 70% PTA) is expected to touch 5.8 million tons by 2020 and conse-
quently help in moving towards sustainable packaging applications. Global sustain-
able packaging market on the same lines is expected to grow from US$ 200.00 
billion in 2014 to US$ 267.00 billion in 2020, with a CAGR of 4.9%.

C3 diols, namely, 1,2 and 1,3 propane diols are valuable monomers for the pro-
duction of polyesters, polycarbonates and polyurethanes, besides having applica-
tions as anti-freezing agents, additive in nutrition products, solvents and component 
of hydraulic fluids [56]. 1,3-Propane diol (1,3 PDO) on polymerization with tere-
phthalic acid yields commercial polyesters, SORONA® (from DuPont) and 
CORTERRA® (from Shell), which are used in the manufacture of high-quality car-
pet and textile fibres. While 1,2-PDO is produced by selective hydrolysis of 
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propylene oxide in presence of ion-exchange resin catalysts at 150–180 °C [88, 89], 
1,3-PDO is manufactured [90–92] either by Shell process from ethylene oxide or 
acrolein by DuPont process. Several microbial processes for the production of both 
1,2- and 1,3-propane diols [56] using a variety of microorganisms and feedstocks 
(glucose, glycerol, sugars) have been reported. Notable amongst them is DuPont/
Tate & Lyle process [93], in which two conversions, glucose to glycerol by recom-
binant E. coli and conversion of glycerol to 1,3-PDO by Klebsiella strains, are com-
bined. The process was first commercialized in 2006, and the capacity was expanded 
to 65,000 MTA. Similarly, microbial process for the conversion of glycerol to 1,2-
PDO using E. coli [94] as the microorganism was developed.

Emergence of biomass conversion processes to fuels and chemicals and the 
large-scale availability of biodiesel-derived glycerol as an important platform mol-
ecule paved way for the development of sustainable processes for the production of 
a number of important chemicals and chemical intermediates from glycerol 
[91, 95–97].

Catalytic processes for the hydrogenolysis of glycerol to yield selectively either 
1,2- or 1,3-PDOs have been reported [98–102]. Nakagawa and Tomishige [98] 
investigated hydrogenolysis of glycerol on four different types of catalysts, namely, 
non-noble metal catalysts, noble metal catalysts with an acid as an additive, noble 
metal catalysts combined with a base and metal oxide-modified noble metal cata-
lysts, and observed that only metal oxide-modified noble metal catalysts were selec-
tive for 1,3-PDO while the other three catalysts displayed high selectivity for 
1,2-PDO.  Accordingly, Arundhathi et  al. [100] observed that hydrogenolysis of 
glycerol on Pt-WOx/AlOOH yields 1,3-PDO with 66% selectivity. Reaction path-
ways leading to the formation of 1,2- or 1,3-propane diol have been proposed by 
Nakagawa and Tomishige [98]. Selection of suitable catalyst and reaction condi-
tions for glycerol hydrogenolysis leads to the formation of 1,2- or 1,3-propanediol 
(Fig. 9).
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Of the four isomers of butane diol (BDO), 2,3- and 1,4-BDO have a wide range 
of applications, while 1,2- and 1,3-BDO have relatively limited range of use. While 
1,2-BDO is used for the production of polyester resins and plasticizers, the main 
application of 1,3-BDO is as solvent for food flavouring agents and as co-monomer 
for some of the polyurethane and polyester resins [103–105].

Amongst the C4 diols, 2,3-BDO is perhaps one of the most useful bio-based 
feedstock chemical intermediates, with applications on several sectors. 2,3-BDO on 
dehydration yields 1,3-butadiene, the monomer for synthetic rubber production or 
methyl ethyl ketone (MEK), useful as solvent and fuel additive. 2,3-BDO itself can 
serve as an “octane booster” for gasoline and, due to its lower freezing point 
(−60 °C), anti-freeze agent as well. Diacetyl, a highly valued flavouring agent that 
protects against bacterial attack, is made by dehydrogenation of 2,3-BDO [106]. 
Esters of 2,3-BDO and maleic acid are used for polyurethane/maleimide with car-
diovascular applications [107]. 2,3-BDO esters are also useful for pharmaceuticals 
and cosmetics applications. Though 2,3-BDO is produced by chemo-catalytic route 
via butene-chlorohydrin pathway [56, 108], manufacturing by biotechnological 
routes using renewable biomass feedstocks and biomass wastes has recently become 
prominent. Several reviews covering significant developments in the microbial pro-
duction of 2,3-BDO have been published [109–112]. 1,4-BDO is produced through 
Reppe chemistry by reaction between acetylene and formaldehyde to form 
1,4-butyene diol, which is subsequently hydrogenated to yield 1,4-
BDO. Hydroformylation of propylene, hydrogenation of maleic anhydride and 
dichloro-butene process from 1,3-butadiene or the 1,3-butadiene-acetic acid are the 
other processes for the manufacture of 1,4-BDO [109, 113]. With the identification 
of succinic acid as one of the platform chemicals from the biomass refinery, synthe-
sis of 1,4-BDO by reduction of succinic acid as a sustainable process has gained 

Fig. 9  Selective hydrogenolysis of glycerol to 1,2- and 1,3-propanediols (Adapted from Kuhz 
et al. [56])
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prominence. Microbial routes for 1,4-BDO using engineered E. coli microorgan-
isms have been developed up to demonstration scale [114–116]. Major applications 
of 1,4-BDO include synthesis of gamma butyrolactone, use as solvents and in the 
manufacture of plastics, fibres and polyurethanes.

C4 and C5 alcohols and diols are highly valuable chemical intermediates used as 
monomers in the production of polyesters, polyurethanes and polyethers, as fuel 
additives to boost gasoline octane number and as versatile solvents for various 
applications. Several process options for the synthesis of C5+ alcohols/higher alco-
hols/fatty alcohols are available. Some of the processes developed earlier include 
[56, 117]:

•	 Hydrogenation of fatty acids and fatty acid esters derived from vegetable and 
animal fats and oils.

•	 Conversion of ethylene with Al alkyls, Al (CH2CH3)3 to a mixture of linear, pri-
mary alcohols (Ziegler process).

•	 Hydroformylation of olefins with CO and H2 to a mixture of branched and 
unbranched aldehydes and subsequent hydrogenation to the corresponding 
alcohols.

•	 Oxidation of paraffins with boric acid to linear, secondary alcohols.
•	 Condensation of primary alcohols C2–C4 with basic catalysts to α-branched and 

linear, dimeric alcohols based on Guerbet chemistry [118].

Of recent, advances in the development of biomass conversion processes have 
brought into focus more process options:

–– Oligomerization of ethylene derived from bioethanol and bio-methanol conver-
sion through MTO to higher carbon number olefins followed by oxo synthesis 
and hydrogenation [119–121].

–– Condensation of biomass-derived methanol and ethanol to higher alcohols via 
Guerbet chemistry [118, 122], self-condensation and cross-condensation 
reactions.

Biomass-derived platform chemicals/intermediates have been used as raw mate-
rials for the sustainable production of C4–C5 alcohols and diols. A comprehensive 
review by Sun et al. [123] describes in detail the processes and catalysts developed 
and other features for the synthesis of C4–C5 alcohols and diols from various 
biomass-based raw materials, like succinic acid, dialkyl succinates, γ-butyrolactone, 
levulinic acid and alkyl levulinates, γ-valerolactone and furfural and its derivatives.

Since many years, syngas has been another rich source for the production of 
higher alcohols and versatile in application, since it can be obtained from different 
raw materials, both fossil and biomass based, with several syngas conversion options 
therein. An extensive review, by Luk et al. [124], covering various process options 
for the conversion of syngas to higher alcohols, the catalysts and structure-activity 
correlations therein and the process features, (Fig. 10) along with the details on the 
applications of C6–C22 long-chain alcohols [125] as feedstocks and chemical inter-
mediates and in polymers, surfactants and detergent industries, has been published.

Catalytic Conversion of Alcohols into Value-Added Products
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While the classical routes for higher alcohols like direct conversion of syngas 
and indirect routes like methanol homologation, methanol-CO coupling and metha-
nol carbonylation are still relevant (Fig. 10), several novel routes like alkene hydra-
tion, sugar fermentation [126, 127] and, more recently, direct syngas fermentation 
are emerging as viable and more efficient routes with low carbon footprint. Diender 
et al. have reported [128] production of C4–C6 fatty acids and alcohols from a mix-
ture of syngas and CO, using co-culture consisting of Clostridium autoethanoge-
num and Clostridium kluyveri.

Sugar alcohols/polyols/polyhydric alcohols, with the general formula 
H2(CH2O)n+1, are well-known biomass-derived chemicals with widespread applica-
tions as chemical intermediates and platform chemicals (sorbitol, xylitol and arabi-
nitol) [20, 21]. Mannitol and erythritol are the other two important sugar alcohols 
[56]. Besides their main use as artificial sweeteners in food, beverages and confec-
tionary, sugar alcohols find applications in polymers, pharma and cosmetics indus-
tries [22]. Global consumption of sugar alcohols is projected to grow from 1.6 
million metric tons in 2017 to 1.9 million metric tons by 2022 at a CAGR of 3.4% 
[56, 129]. Sugar alcohols are produced, in general, through hydrogenation or fer-
mentation of mono- or disaccharides [130–132]. While sorbitol and mannitol are 
synthesized by hydrogenation of sucrose, glucose and fructose [131], xylitol can be 
produced by hydrogenation of xylose and erythritol by fermentation of glucose [22, 
133–135]. Cellulose and hemicellulose, the two major components in biomass, are 
hydrolysed to glucose, mannose and xylose, which undergo further hydrogenation 
to yield sugar alcohols as shown in Scheme 1. An extensive review of the catalytic 
processes for the conversion of glucose, mannose and xylose to sorbitol, mannitol 
and xylitol, respectively, has been presented by Zada et al. [136]. Detailed studies 

Fig. 10  Syngas conversion to higher alcohols—Process options (Reproduced from Luk et al. [124])
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on a number of noble metal, non-noble metal and bimetallic catalysts on various 
supports, along with the activity, selectivity and yield data, have been covered in the 
review. Different types of catalysts for the production of sugar alcohols by hydroge-
nation and hydrogenolysis of mono- and disaccharides have been described in 
another review by Ruppert et al. [92]. Erythritol, a C4 sugar alcohol, is obtained 
from pentose sugars (xylose and arabinose) by selective cleavage of C-C bond. 
Several homogeneous and heterogeneous catalysts have been explored [136] for 
this process which requires mild reaction conditions (<180  °C temperature and 
<60 bar hydrogen pressure) to minimize side reactions and achieve selective C-C 
bond cleavage to yield erythritol [137, 138]. Several microbial processes for the 
production of sugar alcohols have been described in a review by Kunz et al. [56].

Scheme 1  Conversion of cellulosic biomass into sugar alcohols (Reproduced from Zada 
et al. [136])
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520

4  �Value-Added Products from Alcohols

Abundant availability of nearly complete range alcohols, at low cost, derived mostly 
from renewable biomass resources, has provided a great impetus for the develop-
ment of a number of catalytic processes for their conversion into value-added prod-
ucts. Processes for the manufacture of whole range of chemicals that include 
building block chemicals (olefins and aromatics), oxygenates (aldehydes, ketones, 
acids, ethers, esters, amides) and fuels (gasoline, diesel, jet fuel and fuel additives) 
with alcohols as feedstocks have been explored, thus making them as the most ver-
satile group of platform molecules. Salient features of such processes and advances 
therein are described in the following pages. However, well-established applications 
of alcohols like conversion of methanol to formaldehyde, acetic acid and MTBE are 
not covered.

4.1  �Conversion of Methanol to C2–C3 Olefins

Global demand for ethylene and propylene is estimated as 152 MMT (million met-
ric tons) and 102 MMT, respectively, in 2017 and is projected to reach 185 MMT 
and 127 MMT by 2022 [139]. Building block olefins like ethylene and propylene 
along with 1,3-butadiene and butenes (1-, 2- and iso-) are the raw materials for com-
modity petrochemicals and polymers, and the current dominant route for manufac-
turing is by highly energy-intensive thermal steam cracking (SC), using 
non-renewable fossil-based raw materials, ethane/propane or naphtha.

Methanol to olefins (MTO) process developed by UOP-Hydro [140] provided the 
first commercially viable alternative route for SC process. Based on the tailor-made 
SAPO-34 catalyst [141–143], the process operates in the temperature range 
340–540 °C at 0.1–0.3 MPa pressure, in a fluidized bed reactor (Fig. 11) coupled 
with catalyst regenerator, considering the deactivation characteristics of the catalyst 
[144]. Appropriate pore size (3.8 Å), to minimize the formation of higher carbon 
number products, and optimized acidity, to control the formation of paraffins by 
hydride transfer, are the key catalyst characteristics responsible for 75–80% carbon-
based combined selectivity towards ethylene and propylene. By varying the process 
conditions, maximization of ethylene or propylene yield could be achieved. Besides 
ethylene and propylene, small amounts of C4–C6+ olefins are generated. In the 
advanced version of the process, Olefins Cracking (OC) process technology, devel-
oped by Total Petrochemicals [145], which involves routing the by-product C4–C6+ 
olefins stream through a catalyst bed for further cracking to ethylene and propylene, 
was integrated with MTO process. This additional process step increases the overall 
yield of ethylene and propylene and reduces by-products’ formation.

With further modifications in the catalyst formulation to maximize propylene, 
propylene/ethylene ratio >2 (Fig. 12) could be achieved [146]. Similar MTO pro-
cesses, D-MTO and D-MTO-II (from Dalian Institute of Chemical Physics, DICP, 

R. Vinayagamoorthi et al.



521

Reactor Section Product Recovery Section

Ethylene

Caustic
Product

Flute
Gas

Ethane

Water

D

R

Rx

Air

Rx = Reactor
R   = Regenerator
S   = Separator
CS = Caustic Srubber

D    = Dryer C3  = C3 Splitter
DP = DepropanizerDM = Demethanizer

DE  = Deethanizer
C2   = C2 Splitter

MeOH

Fluid-Bed
Reactor

S

Propylene

Propane

D
P

D
E

D
M

C
S

C3

C2

C4+

CO2

CH4

Fig. 11  Simplified process flow diagram for UOP-Hydro MTO process (Reproduced from 
Keil [144])

100
1.3 1.5

C3=/C2=

2.1

C4+

Propylene

Ethylene

80

60

40

Y
ie

ld
 (

w
t %

, C
ar

bo
n 

B
as

is
)

20

0
MTO MTO +OC MTO +OC

high propylene 

Fig. 12  Increase in propylene/ethylene ratio by integration with OC technology and catalyst opti-
mized for high propylene (Reproduced from Chen et al. [146])

China) and S-MTO (from SINOPEC, China), have been developed and proven on 
commercial scale [147, 148].

Extensive research work on the mechanism of MTO process under different pro-
cess conditions (temperature and LHSV) and using C13 H3OH for tracing the reac-
tion pathway by Dahl and Kolboe [149] resulted in the proposal of hydrocarbon 
pool mechanism for the process (Fig. 13).

Comprehensive reviews [147, 148, 150, 151] tracing the first discovery of the 
MTO process by researchers from Mobil Corporation on ZSM-5 catalysts [152] and 
the discovery of SAPO-34 catalyst by Union Carbide scientists and further in-depth 
research work on the catalyst and process development by UOP-Hydro that finally 
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lead to the commercialization of the process and the intricacies in the synthesis of 
SAPO-34 with appropriate structure and topology have been published. MTO pro-
cess has several advantages in comparison with gas/naphtha steam cracking like:

–– Lower reaction temperature.
–– Easier separation and purification of products.
–– Relatively less capital investment.
–– Feedstock flexibility.

Raw material (syngas) for methanol could be obtained from different resources: 
biomass or coal, waste gases, etc. Since methanol could be obtained from syngas 
derived from coal gasification, the process is named as CTO (coal to olefins), and a 
commercial plant based on this technology with 0.6 MMTA capacity for ethylene/
propylene has been set up by China Shenhua Energy, China [148].

Another process for the conversion of methanol into building block chemicals is 
the methanol to propylene (MTP) process technology developed by Lurgi AG [153].

In the late 1990s, availability of natural gas in plenty led to setting up 
MegaMethanol plants (5000  MT/day) by Lurgi [154]. With the knowledge base 
available at that point of time on MTO process using ZSM-5 catalyst [149, 152], 
Lurgi developed MTP processes to selectively produce propylene, by using suitably 
modified ZSM-5 catalyst. The process [153, 155] uses a series of adiabatic fixed bed 
reactors (Fig. 14), wherein methanol is converted to dimethyl ether (DME) at near 
thermodynamic equilibrium in the pre-reactor. Feed consisting of methanol, DME 
and water pass through five to six reactors loaded with highly selective and stable 
ZSM-5 catalyst at 1.3–1.6 bar pressure and 400–450  °C temperature along with 
recycle olefin stream and steam, to ensure stability of the catalyst. >99% conversion 
of methanol and DME is achieved with carbon-based propylene selectivity of >70% 
along with some quantity of gasoline as by-product. After 500–600 h of operation, 
the catalyst needs regeneration in situ, by controlled coke burning. According to the 
established material balance, with 1.67 MTA of methanol as feed, 474,000 MT of 
propylene and 185,000 MT of gasoline could be produced. The first commercial 
plant using MTP process technology was established in 2011 in China followed by 
two more plants, and now it is considered as proven technology for on-purpose 
propylene production [156]. A techno-economic evaluation [157] of MTO vs. MTP 
has shown that both processes are equally viable, subject to variations in natural 

Fig. 13  Hydrocarbon pool mechanism for MTO process. Reproduced from Dahl et al. [149]
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gas/methanol and products’ prices, and MTP has slight advantage in terms of lower 
CO2 emission (MT/MT of propylene). Though CTO process may have some advan-
tage due to low-cost coal as raw material, high emission of chemical as well as 
energy-related CO2 renders the process environmentally unfriendly [158].

4.2  �Conversion of Ethanol to Ethylene

MTO, MTP and CTO processes utilize methanol produced from non-renewable 
resources. Availability of large quantities of bioethanol at low cost has resulted in 
the development of catalytic processes for the production of C2–C4 olefins from 
bioethanol. Production of ethylene by catalytic dehydration of ethanol/bioethanol 
was established long ago [159, 160], but biomass-derived ethylene as feedstock for 
petrochemicals was not cost-effective vis-à-vis ethylene from steam cracking [161]. 
Abundance of bioethanol from different biomass resources (corn, sugar cane and 
cellulosic biomass) revived the interest in bioethanol conversion to ethylene.

Ethanol dehydration being endothermic in nature (45.7 kJ/mole) requires reac-
tion temperatures in the range 300–500 °C. While acetaldehyde is formed by dehy-
drogenation at higher temperatures, diethyl ether is formed at temperatures below 
the optimum. Besides, the product water also influences the reaction. Hence, con-
trolling reaction temperature and maintaining optimum contact time are needed to 
minimize side reactions.

In practice, isothermal and adiabatic fixed bed and fluidized bed reactors have 
been considered [163, 164]. Different types of catalysts, like modified alumina, 
modified HZSM-5, SAPO-34, MCM-41 and modified heteropoly acid catalysts, 
have been explored, mainly to minimize by-products’ formation and improve the 

Fig. 14  Process flow diagram for methanol To propylene (MTP) plant (Adopted from Koempel 
et al. [153])
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stability of the catalyst [162]. A list of catalysts that display nearly 100% ethanol 
conversion with ~99% selectivity for ethylene is presented in Table 3.

Commercial plants, which are in operation for the production of ethylene from 
bioethanol are America Halcon Scientific Design Inc., USA (with Synthol catalyst, 
Al2O3-MgO/SiO2); British Petroleum (Hummingbird process, heteropoly acid cata-
lyst); Axens (Atol process); Chematur; Braskem, Brazil; and Dow Chemical [162, 
164–166]. Though the processes could be operated with very high efficiency, cost 
of ethylene from bioethanol is higher in comparison with ethylene from steam 
cracking (SC) process due to higher cost of bioethanol and very high energy effi-
ciency realized in mega-scale ethylene plants based on SC.

4.3  �Conversion of Bioethanol-Derived Ethylene to C3, 
C4 Olefins

As illustrated by Hulea [165], well-established olefins conversion processes like 
dimerization, metathesis, oligomerization, isomerization, cracking and aromatiza-
tion could be applied for the conversion of bio-based ethylene to value-added prod-
ucts (Fig. 15).

Both homogeneous and heterogeneous catalysts have been studied extensively 
[167, 168] for the dimerization of ethylene to 1-butene, an important co-monomer 
in the manufacture of commodity polyolefins, like linear low-density polyethylene 
(LLDPE). Commercial process for the manufacture of 1-butene, the AlphaButol 
technology developed by Axens and SABIC, is based on highly selective (93%) 

Table 3  Selected catalysts for dehydration of ethanol to ethylene (Adopted from Fan et al. [162])

Catalysts
Ethylene 
selectivity, %

Ethanol 
conversion, %

Reaction 
temp., °C

LHSVa/
WHSVb/
GHSVc, h−1

Lifespan, 
stability

TiO2 /γ-Al2O3 99.4 100 360–500 26–234a 400 h, stable
0.5% La-2% 
P-HZSM-5

99.9 100 240–280 2b Very stable

Nano-CAT 99.7 100 240 1b 630 h, very 
stable

Ag3 PW12O40 99.2 100 220 6000c Stable in 9% 
humidity

TPA-MCM-41 99.9 98 300 2.9b Very stable
STA-MCM-41 99.9 99 250 2.9b Stable
TRC-92 99.0 70 280 2.9b Very stable
SynDol (Halcon) 
(SD, USA)

96.8 99 450 26–234a Very stable

aLiquid hourly space velocity (LHSV)
bWeight hourly space velocity (WHSV)
cGas hourly space velocity (GHSV)
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homogeneous catalyst Ti(OBu)4 with AlEt3 as the co-catalyst. Metal complexes 
based on Ni, Ti, Zr, Cr, Co and Fe with different co-catalysts in homogeneous 
medium have been explored for selective dimerization and oligomerization of eth-
ylene [168–171]. Such homogeneous catalyst systems, though highly active and 
selective under mild reaction conditions, require the use of aluminoxane activators 
or co-catalysts in large amounts and use of solvents/reactants in bulk liquid phase. 
Besides, many of the metal complexes are not air stable and undergo structural deg-
radation and deactivation, requiring complex regeneration procedures, thus limiting 
their applications in large-scale continuous mode processes. In order to circumvent 
such limitations and realize the specific advantages that heterogeneous catalysts 
offer on these aspects, several types of catalysts in heterogeneous phase, like (a) 
metal complexes immobilized on polymers and oxides, (b) metal-organic frame-
work (MOF) and covalent organic framework (COF) materials and (c) nickel and 
palladium supported on inorganic porous materials, have been explored [165]. 
Nickel metal complexes supported on polymers and inorganic supports like alu-
mina, silica and other zeolites like AlPO4 and Al-MCM-41 display good activity and 
selectivity for ethylene dimerization, but stability of the active phase during the 
process and loss of selectivity due to acid-catalysed side reactions on the support 
that lead to deactivation are the issues. Similarly, metal complexes supported on 
MOF and COF materials with well-defined chemical environments to promote 
dimerization and oligomerization are found to be highly active and selective, but the 
deactivation due to heavier oligomers/polymer formation is the challenge.

In this context, nickel and palladium supported on inorganic porous materials 
exhibit exceptional performance in ethylene dimerization and oligomerization [168, 
172, 173].

Zeolites, sulphated alumina, amorphous silica-alumina and mesostructured 
MCM-41, MCM-48, SBA-15 and MCM-22 are the supports on which nickel is 
incorporated by ion exchange as envisaged in the illustration (Fig. 16). Exchangeable 
Na+ ions are first exchanged with NH4

+ ions followed by ion exchange with Ni2+ 
ions and then calcined in air at 550 °C. On thermal treatment, isolated Ni+ and dehy-
drated Ni2+ species are formed which act as oligomerization sites, and the support 
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Fig. 15  Process options for the conversion of biobased ethylene to value-added products 
(Reproduced from Hulea [165])
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provides the acid sites. Such high-temperature treatment ensures thermal stability of 
the catalyst at temperatures up to 160 °C and pressures up to 40 bar. Besides the 
reaction could be carried out in liquid phase in slurry mode—gas-solid-liquid – or 
continuous-flow mode. Mesoporous character of the support leads to facile diffu-
sion of the reactant and products resulting in lower deactivation and higher activity. 
Besides the chemical nature and acidity, the texture and topology of the mesoporous 
supports influence the oligomerization activity [174].

For example, Agirrezabal-Telleria and Iglesia [175] observed that Ni-MCM-41 
is a very active and selective dimerization catalyst at sub-ambient temperature 
(243–258 K) with 93% selectivity for 1-butene and TOF > 10 s−1 with very little 
deactivation. The high catalyst activity and stability as well as the C4 selectivity 
were attributed to the presence of the ethylene in liquid phase within MCM-41 
channels.

Conversion of ethylene to propylene is an important process in petrochemical 
industry considering the supply-demand gap for propylene. Several proven on-
purpose processes like dehydrogenation of propane, methanol to olefins (MTO) and 
methanol to propylene (MTP) are available for on-purpose propylene production. 
Conversion of ethylene to propylene could be achieved through different processes:

	1.	 Metathesis of ethylene and butenes.
	2.	 Direct conversion of ethylene by dimerization and metathesis.
	3.	 Direct conversion of ethylene by oligomerization and cracking.

Metathesis is based on supported Re, W and Mo catalysts, and the process technol-
ogy is offered by ABB Lummus, BASF and Atofina, Mitsui Chemicals, BP Chemical 
and Sinopec [176, 177].

Direct conversion of ethylene to propylene actually involves three steps, the first 
being partial conversion of ethylene to1-butene by dimerization and then isomeriza-
tion of 1-butene to 2-butene followed by metathesis of remaining ethylene with 
2-butenes to yield propylene. Though two-stage processes and single-pot processes 
have been attempted [165] a cascade process involving two different catalysts is 
found to be promising (Fig.  17). Andrei and co-workers [178, 179] devised a 
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cascade process with two different air-stable catalysts, Ni-AlSBA-15 for dimeriza-
tion and isomerization and MoO3-SiO2-Al2O3 for metathesis reactions. Both cata-
lysts were loaded in a single reactor, and under identical process conditions, at 
80 °C and 30 bar, propylene yield of 48 mmol/g of catalyst per hr. could be realized 
[178, 179].

For the direct conversion by oligomerization and cracking, ZSM-5 and SAPO-34 
were found to be most appropriate [180, 181]. While ZSM-5 with strong acid sites 
and medium-sized pores (0.55 nm) displayed lower selectivity for propylene, on 
SAPO-34, with smaller pores (0.38  nm) and weaker acidity, 80% selectivity for 
propylene could be achieved. The process requires high temperature 450–600 °C to 
enable the cracking of oligomers. Since the catalysts are acidic in nature and micro-
porous, deactivation by coking is a serious challenge to be tackled.

4.4  �Conversion of Ethanol to C3–C4 Olefins

Two types of catalysts, zeolites and mixed metal oxide catalysts, have been explored 
for the conversion of ethanol to C3–C4 olefins, and the results have been summarized 
in a review by Sun and Wang [166]. On ZSM-5 reaction follows MTG pathway, 
involving the formation of ethylene, which undergoes oligomerization, cracking 
and aromatization to form products with broad carbon number range. Moderation of 
acidity of ZSM-5 and optimization of reaction temperature and residence time are 
crucial to minimize the formation of higher carbon number products and improve 
selectivity towards C3–C4 olefins. Studies in this direction by Song et al. [182] on 
ZSM-5 with different SAR values indicated that selectivity for C3–C4 olefins (at 
673 K, 0.1 MPa pressure) was maximum (40%) at SAR −80 due to moderation of 
acidity. On NiO/MCM-41 (Si/Ni = 23) catalyst at 400 °C, complete conversion of 
ethanol with propylene selectivity of 30% was reported by Mizuno et  al. [183]. 
Reaction pathway involved the formation of ethylene, which undergoes dimeriza-
tion, isomerization and metathesis to form propylene. Iwamoto et al. [184] observed 
that on scandium-modified indium oxide catalyst, propylene selectivity of 60% 
could be achieved at 550  °C following a different reaction pathway, involving 
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Fig. 17  Cascade process for the conversion of ethylene to propylene (Reproduced from 
Hulea [165])
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condensation and ketonization of acetaldehyde to acetone which is converted to 
propylene by dehydration of isopropyl alcohol formed by reduction of acetone. 
Though the metal oxide catalysts display better stability vis-à-vis zeolites, achiev-
ing higher C3–C4 olefins selectivity remains a challenge.

4.5  �Conversion of Ethanol to Isobutene

Two processes, based on mixed metal oxide catalysts, are available for the conver-
sion of ethanol to isobutene [166]. The first one is a two-step process involving 
formation of acetone from ethanol in the first step followed by its conversion to 
isobutene in the second step according to the equations:

	 2 43 2 2 3 3 2 2CH CH OH H O CH COCH CO H+ → + + 	 (1)

	 3 2
3 3 4 8 2 2

CH COCH i C H CO H O→ − + + 	 (2)

The first step involves base-catalysed dehydrogenation of ethanol to yield acetalde-
hyde, which on aldol condensation and de-carbonylation results in acetone forma-
tion [185, 186]. An alternative route [187] consists of oxidation of acetaldehyde to 
acetic acid, which can undergo ketonization to acetone. Amongst the different cata-
lysts explored [166], Cu supported on La2Zr2O7 catalyst [188] displayed 72% car-
bon selectivity for acetone (96% of theoretical yield) at 400 °C, with water/ethanol 
mole ratio of 9:1 The second step for the conversion of acetone to isobutene is a 
complex process, involving three molecules of acetone and many reactions, like 
condensation, dehydration and decomposition, probably requiring Bronsted or 
Lewis acid-base pair sites [189, 190], where acetone condensation reaction is initi-
ated. Condensation is envisaged between two acetone molecules, one in gas phase 
and the other adsorbed on Lewis acid sites, while it occurs through two molecules 
adsorbed on Bronsted acid sites [191]. Such a complex pathway involving two types 
of acid sites with varying strengths results in further conversion of isobutene and 
formation of mesityl oxide intermediates, and higher reaction temperatures lead to 
formation of aromatics [166]. Zeolite β [192] with moderate acidity displays 87% 
isobutene selectivity at 400 °C and better stability in comparison with ZSM-5 [193]. 
Zhu et al. observed that use of nanosize zeolites helps to control the rate of deactiva-
tion, possibly by promoting facile diffusion and reducing residence time of reac-
tants and intermediates within the pores [194].

In contrast, the one-step process developed by Zhu et al. [195] uses ZnxZryOz 
mixed oxide catalyst with balanced acidity-basicity characteristics. It was observed 
that addition of ZnO moderated strong acid sites present in ZrO2, favouring dehy-
drogenation of ethanol to acetaldehyde against dehydration to ethylene [196, 197]. 
Aldol condensation of acetaldehyde followed by ketonization leads to the formation 
of acetone. Presence of weak Bronsted acid sites brings out further conversion of 
acetone, via diacetone alcohol and mesityl oxide, to the final product isobutene. The 
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process thus follows a cascade reaction pathway, involving dehydrogenation, con-
densation, dehydration and decomposition reactions, taking place in a sequential 
manner, yielding isobutene with >80% selectivity in a single step, along with valu-
able hydrogen as by-product. Overall reaction is expressed as:

	 3 2 6
3 2 2 4 8 2 2

CH CH OH H O i C H CO H+ → − + + 	 (3)

While complete conversion of ethanol is achieved, the product distribution and iso-
butene selectivity are dependent on ethanol concentration and space velocity [197]. 
Accordingly, maximum isobutene selectivity is achieved at lower ethanol concen-
tration and higher space velocity (Fig. 18), the conditions that help in controlling 
side reactions.

4.6  �Conversion of Ethanol to 1,3-Butadiene

Global demand for 1,3-butadiene (BD) was estimated to be ~12.3 MMT in 2018 
(Fig. 19) and is projected to touch ~14 MMT by 2025 [198]. Major applications for 
BD are in the manufacturing of styrene butadiene rubber (SBR), polybutadiene rub-
ber (PBR), acrylonitrile butadiene styrene (ABS), adiponitrile, polychloroprene 
elastomers, nitrile rubbers and others. Steam cracking of naphtha, dehydrogenation 
of butane and dehydration of ethanol are the established conventional routes for 
butadiene production. While the demand for BD is growing steadily, there is some 
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uncertainty in the feedstock scenario, since most of the recent steam crackers are C2/
C3 gas/shale gas based. Hence, production of BD from readily available low-cost 
bioethanol and other biomass-derived chemical intermediates has been gaining 
ground. Accordingly, scientific investigations on catalysts and processes for ethanol 
to butadiene (ETB) process are on the rise (Fig. 20). A complete life cycle analysis 
of GHG effect on ETB process vs. naphtha-based one has shown 155% reduction in 
emissions in the bio-based process [200], thus making it highly relevant in the cur-
rent context of environmental sustainability of chemical processes.

Historically, two ETB processes have been described. The first one is a single-
step process, on ZnO-Al2O3 catalyst, at 400 °C, discovered by Sergey Lebedev in 
1929 [201–203] according to the reaction:

Fig. 20  Number of publications dedicated to ethanol to butadiene in the recent years (Reproduced 
from Pomalaza et al. [199])

Fig. 19  Global demand/production of 1,3-butadiene [198]
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	 2 2
3 2 2 2 2

CH CH OH CH CH CH CH H O→ = − = + + 	 (4)

and the other, by Ivan Ostromislensky [204], consists of two steps, the first step 
being partial dehydrogenation of ethanol to acetaldehyde and the second involving 
reaction between ethanol and acetaldehyde:

	 CH CH OH CH CHO H3 2 3 2→ + + 	 (5)

	 CH CH OH CH CHO CH CH CH CH H O
3 2 3 2 2 2

2+ → = − = + 	 (6)

Reaction pathways involved in both processes are the same. While Lebedev process 
[201–203], carried out at 400–450  °C, was based on metal oxide catalysts, 
Ostromislensky [204] process used tantalum oxide-promoted silica catalyst at 
325–350 °C. Commercial production plants based on these processes were in opera-
tion till the 1960s, when naphtha-based BD production route became more competi-
tive. Ethanol conversion of 45% with BD selectivity of 55% could be realized in 
Union Carbide and Chemicals plant [205]. Many by-products, diethyl ether, acetic 
acid, ethyl acetate, n-butanol, 1-butene, ethylene and hexadiene, were formed in the 
process. Progress in research related to the different catalyst formulations (mono-, 
bi- and trimetallic), especially the crucial role of preparation methods, nature of 
supports, process improvements and understanding of the reaction pathways/mech-
anism for the conversion of ethanol to BD have been covered extensively in several 
reviews [199, 206–210].

Though different mechanistic pathways have been proposed for ETB process 
over the years [199, 207], the generally accepted one (Scheme 2) for the single-step 
process involves dehydrogenation of ethanol to acetaldehyde as the first step, which 
on aldol condensation yields acetaldol. Meerwein-Ponndorf-Verley (MPV) reduc-
tion of acetaldol by another molecule of ethanol gives 1,3-butanediol that subse-
quently dehydrates to form BD [211, 212]. In the two-step process (Scheme 3), 
dehydrogenation of ethanol (on copper catalysts) yields acetaldehyde in the first 
step. In the second step, acetaldehyde forms acetaldol followed by dehydration to 
crotonaldehyde. MPV reduction of crotonaldehyde by ethanol results in crotyl alco-
hol, which on dehydration gives BD [213, 214].

Fripiat et al. [215, 216] observed that on silver supported on sepiolite catalyst, 
selectivity for ethylene and BD increased with ethanol conversion and hence sug-
gested that the process follows Prins reaction pathway. Cavani et  al. proposed a 
different mechanism based on carbanion formation [217]. However, formation of 
by-products and studies using C13-labelled acetaldehyde supported the mechanism 
involving MPV reduction [211, 212]. Based on the accepted mechanistic pathway, 
acidity, basicity and redox characteristics are the functionalities required for conver-
sion of ethanol to BD.

However, developing catalyst formulations that possess the right combination of 
the active components in required proportions remains a challenge. Details on the 
development of different types of catalysts for single- and two-step ETB processes 
have been reviewed from time to time [199, 207–209]. Based on the voluminous 
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literature data [199, 206–210], the catalysts investigated so far could be broadly 
classified into:

•	 Mixed metal oxide catalysts based on alumina.
•	 MgO + SiO2 mixed oxides.
•	 Metal oxide (Cr2O3, ZnO, Ta2O5, NiO, CuO) and metal (Ag, Au)-promoted 

MgO + SiO2.

Scheme 3  Reaction pathway for two-step ETB process (Reproduced from Kagan et al. [211] and 
Vinogradova et al. [212])

Scheme 2  Reaction pathway for single-step ETB process (Reproduced from Kagan et al. [211] 
and Vinogradova et al. [212])
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•	 Silica-based bimetallic Zr-Zn and trimetallic Zr-Zn-CuO.
•	 Sepiolite and zeolite (BEA, Al-MCM-41) based.

Table 4 gives a list of selected catalyst compositions and BD yields from the lit-
erature [208]. Besides the variations in composition, methods of preparation (wet 
kneading, sol-gel, hydrothermal), calcination/activation of the catalysts and pore 
size of the supports are known to influence the activity and selectivity [210, 227, 
228]. Though BD selectivity of 50–80% could be achieved, corresponding alcohol 
conversion levels are lower, and hence there is a need to develop catalysts capable 
of performing at high ethanol concentrations to obtain higher BD productivity. 
Current volume productivity of BD in the range from 50 to 400 g BD per hour per 
litre catalyst volume needs to be improved for commercial application. On-stream 
stability of the catalyst/catalyst life also needs improvements. Besides fixed bed 
reactors, other reactor configurations like fluidized bed reactors and the intricacies 
involved in recycling unreacted ethanol, etc. are to be explored.

A comparative evaluation of naphtha-based and bioethanol-based processes for 
BD production has been made by Patel et al. [229] in 2012, based on the descriptors 
for techno-economic viability, sustainability index and life cycle analysis. The 
descriptors used are economic constraints, environmental impact of raw materials, 
process costs and environmental aspects, EHS (Environment Health and safety) 
hazards and risk aspects. After assigning the weightage for each parameter, the inte-
grated score for both processes is presented in Fig. 21. Overall score for bioethanol-
based process is lower (0.81), and hence it has a slight edge over naphtha-based 
(0.9) process. Processing costs and EHS hazards are lower with bio-based process, 
while risk aspects and environmental impact of raw materials are nearly equal. 
Economic constraints are higher with bio-based process. However, GHG emission, 
in terms of kg of CO2 per kg of BD, is 2.45 for bioethanol-based process vs. 3.98 for 

Table 4  Selected catalyst systems for ETB process

Catalyst systems Reaction temp., °C BD yield, % References

MgO/SiO2/Cr2O3 (3/2/0.11) 415 41.9 [218]
MgO/SiO2/Cr2O3 (59/39/2) 425 39.0 [219]
Mg/sepiolites 300 33.4 [220]
NiO/MgO/SiO2 (10/27.9/62.1) 280 53.0 [221]
MgO/SiO2(1/1) 350 42.0 [222]
MgO/SiO2(1/1) + 0.1% K2O 350 70.0 [222]
MgO/SiO2(1/1) + 0.1% Na2O 350 87.0 [222]
MgO/SiO2 (0.83/1) 350 16.0 [223]
Zr (1.5%), Zn(0.5%)/SiO2 375 11.5 [210]
Cu (1%), Zr(1.5%), Zn (0.5%)/SiO2 375 30.1 [210]
5% CuO-MgO/SiO2 (2/1) 350 58.2 [224]
5% ZnO-MgO/SiO2 (2/1) 350 52.4 [224]
5% Ag-MgO/SiO2 (2/1) 350 56.3 [224]
ZnO.Al2O3 (60:40) fixed bed 425 55.8 [225]
ZnO∙Al2O3 (60:40) fluidized bed 425 72.8 [226]
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naphtha-based. Similar advantage in sustainability for bio-based BD process in 
terms of GHG emissions has been reported by Shylesh et al. [200] in 2016.

Techno-economic analysis of the two-step process carried out by Burla et  al. 
[205] in 2012, based on the conversions and selectivity values achieved in the old 
Union Carbide plant, has shown that 200,000 MTA BD plant is viable when ethanol 
and BD prices are favourable and unprofitable when ethanol price becomes >US$ 
3.0 per gallon. There is no doubt that ETB process could be a viable one in near 
future, due to favourable process economics and sustainability. Hence research 
efforts, especially towards development of catalysts with higher productivity and 
stability and process improvements, could gain more attention from the researchers 
and support from the industry.

4.7  �Conversion of Alcohols to Fuels

4.7.1  �Alcohols to Gasoline

Alcohols, especially methanol and ethanol, find significant applications in the fuel/
energy sector, for blending directly with gasoline, as fuel additives/octane-boosting 
agents, for production of biofuels and biodiesel and, more recently, for conversion 
into middle distillate range fuels (diesel, jet fuel). Around 31% methanol demand 
(Fig. 3) is for fuels, for blending with gasoline (13%) and in the manufacture of 
MTBE (12%), biodiesel (3%) and DME (3%). Utilization of methanol for the pro-
duction of MTBE and other octane-boosting agents, biodiesel and DME is well-
established and understood.

Discovery of methanol to gasoline (MTG) on ZSM-5 catalysts in the 1970s by 
Mobil Corporation opened up a new avenue for direct conversion of methanol [230] 

Fig. 21  Comparative evaluation of naphtha-based and bioethanol-based processes (Reproduced 
from Patel et al. [229])
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to gasoline, to start with. Elucidation of the mechanistic pathways in the MTG pro-
cess, with methanol and ethanol as feed, by Derouane et al. [231] and Chang et al. 
[232] and the development of fixed bed reactor process [233, 234] paved way for 
further improvements in the process. With a better understanding of the catalytic 
action by ZSM-5 zeolites and the process steps involved, Tabak and Yurchak [235] 
proposed the integration of MTG process with two other major front-end catalytic 
processes, namely, methanol synthesis from syngas and syngas production from 
basic raw materials, coal, gas and biomass. Such a process configuration rendered 
MTG process more flexible and versatile, capable of producing a range of fuels and 
chemicals as illustrated in Scheme 4, by suitable optimization of the process condi-
tions. While the use of methanol provided an alternative to route to crude oil-derived 
gasoline, the pioneering work on ZSM-5 catalysts and demonstration of the other 
processes (Scheme 4) by Mobil research group [235] for olefins (ethylene, propyl-
ene) and middle distillate production provided the scientific basis for the develop-
ment of several novel and important processes, years later, CTL (Coal to Liquids), 
GTL (Gas to Liquid) and BTL (Biomass to Liquid) processes, to be followed by 
MTO and MTP processes. A recent development in this direction is the conversion 
of ethanol to jet fuels which would be discussed later.

Based on the experience gained in the 14,500 BPD Synfuel MTG plant in New 
Zealand, CTL process, consisting coal gasification, methanol synthesis plants along 
with MTG plant with second generation catalyst, [236] was envisaged by Exxon 
Mobil Research and Engineering (EMRE) and Uhde. The first 2500 BPD CTL plant 
based on MTG process was established at JAMG, Shanxi Province, China, in 2009 
[237]. By 2014, eight such plants were licensed. EMRE-MTG process [238] con-
sists of three units, syngas, methanol and MTG process (Fig.  22), which also 
includes heavy gasoline treatment unit for removal of durene. Durene with melting 
point of 79 °C could cause problems in the fuel supply lines and hence is to be mini-
mized to <2% in product gasoline.

Two more processes for MTG have been developed, one by Haldor Topsoe’s 
TIGAS [238] (Haldor Topsoe Improved GASoline) process and the other by Primus 
STG+ [239]. TIGAS mostly resembles EMRE-MTG process except that methanol 
production unit is integrated with MTG unit and is based on proprietary GSK-10 
catalyst for MTG conversion. It is claimed TIGAS process is licensed to three plants 
in China and two are in planning stage [238].

Improvements in Primus’ proprietary STG+™ process [239] over EMRE-MTG 
and TIGAS processes include recycling unconverted hydrocarbons in a single-loop 
process so that the gasoline yield increases and up to 70% of natural gas is getting 
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Scheme 4  Processes for 
the production of fuels and 
chemicals from methanol 
(Reproduced from Tabak 
et al. [235])
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converted directly to high-quality gasoline. Besides, there is no need for separate 
durene reduction unit. It is further claimed that the Primus process is more energy 
efficient, requires lower investment cost and amenable for easy scale up.

Sector wise utilization of ethanol (Fig. 23) shows that nearly 50% of the demand 
is in automobile sector as fuel additive, for blending with gasoline, the other major 
application being in the food and beverages industry [240]. In contrast to methanol 
share (Fig. 3) of 64% for chemicals (including 24% for MTO), the usage of ethanol 
in chemical industry is around ~30%, only, including chemicals, personal care prod-
ucts, pharmaceuticals and others.

Catalytic conversion of Ethanol to Gasoline (ETG) has been studied extensively 
[166], though its large-scale application, like MTG process, is yet to emerge. 
However, of recent, few processes for conversion of ethanol to diesel and jet fuels 
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Fig. 23  Sector-wise 
utilization of ethanol [240]
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have progressed towards commercial application [241]. ETG process follows nearly 
the same mechanistic pathway that is proposed for MTG process, and accordingly 
the product distribution in both cases is similar. Detailed identification and struc-
tural analysis of the reaction intermediates trapped inside the pores of ZSM-5 dur-
ing ETG process have been investigated by Johansson et al. [242]. It is suggested 
that various types of cyclic organic intermediates (poly-alkylated benzenes) located 
within the pores form the hydrocarbon pool which undergo alkylation-dealkylation 
and cracking, depending upon the acidity of the zeolite and reaction temperature, 
thus giving rise to different products.

The transformations occurring in ETG process are similar to those proposed for 
MTG and illustrated in Scheme 5.

When compared to MTG process, predominantly ethyl-substituted aromatics are 
found in hydrocarbon pool within the pores in ETG process, but the product stream 
in ETG, however, contains only methyl-substituted aromatics. Besides, no durenes 
are observed in ETG [166].

In general, acidity of ZSM-5 as dictated by Si/Al (SAR) ratio, reaction tempera-
ture, space velocity and addition of water influence ethanol conversion, product 
distribution/selectivity and catalyst stability. Major reason for deactivation of ETG 
catalysts is coke formation, and addition of water retards coke formation and hence 
less deactivation and improvements in liquid yield [243]. Formation of aromatics/
liquid hydrocarbons is favoured with ZSM-5 catalysts with lower SAR [244]. As 
reported by Talukdar et al. [245], ZSM-5 with SAR-20 yielded full range (olefins 
and aromatics) products with high liquid yields, while the catalyst with SAR-103 
resulted in high yields of light olefins (C3–C4) even with ethanol containing 50% 
water. Investigations by Madeira et al. [246] on ZSM-5 catalysts with SAR values 
in the range 16–500 have shown that the catalyst with SAR-40 displays the best 
activity, stability and highest selectivity towards long-chain hydrocarbons and have 
attributed it to the balance between Bronsted acid sites (active sites) and hydrocar-
bon radicals (coke species responsible for blocking active sites). Another strategy 
frequently adopted to moderate acidity and deactivation is by modification/ion 
exchange with metal ions. Introduction of Ni [247], Ga and Zn [248] ions leads to 
improvements in catalyst life and increase in liquid hydrocarbon yields. Partial sub-
stitution of Al3+ in the framework by Fe3+ also leads to improvements in liquid yields 
and stability. Modifications with trimethyl phosphite increase weak acid sites, and 
accordingly, only ethers appear as products [249]. Besides strong acidity, porosity 
of ZSM-5 [250] and optimum water content in ethanol [244, 245] are the other 
parameters that affect the catalyst performance and hydrocarbon yield pattern.

MeOH +

olefinsZeo–Scheme 5  Representation 
of hydrocarbon pool 
mechanism proposed for 
MTG/ETG processes 
(Reproduced from 
Johansson et al. [242])
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4.7.2  �Ethanol to Jet Fuels and Middle Distillates

Transportation sector accounts for 25% of global total energy demand for the move-
ment of people and goods. The consumption pattern for different types of fuels is 
given in Fig. 24 [251].

According to International Energy Outlook 2016 [252], the total energy con-
sumption in passenger and freight modes of transportation, using all types of fuels, 
is increasing (Fig. 25) continuously from ~100 quadrillion Btu in 2012 towards the 
projected consumption of ~150 quadrillion Btu by 2040 [252]. Considering the 
need for sustainable energy resources and minimization of the environmental 
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Fig. 24  World fuel consumption for transportation—types of fuels (Total—103 quadrillion 
Btu) [251]

Fig. 25  Global energy consumption in transport sector (in quadrillion Btu) 2012–2040 [252]
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impacts, relentless efforts are on to derive these fuels from renewable resources. 
Significant progress has been achieved in the utilizations of bio-fuels (bio-ethanol, 
biobutanol, biodiesel, gasoline through MTG process, bio-jet fuels etc.), though 
overall contribution of bio-fuels in global total energy consumption (in 2017) 
remains low at 13% [253]. Bio-ethanol, besides its application for blending with 
gasoline, can be conversted into value-added fuels in middle distillate range and jet 
fuels by different catalytic processes. Jet fuel constitutes around 12% of the global 
transportation fuels consumption and its contribution towards emission of green-
house gases (GHG) is 2%. In order to comply with the Paris Climate Control 
Accord, 2015, airlines industry is aiming to become carbon-neutral by 2020 and by 
2050 reduce emissions by 50% with respect to 2005 emissions level, by gradual 
replacement of fossil-derived jet fuels with low-carbon bio-based fuels. In this con-
text, besides bioethanol, several process technologies (Table 5) for production of 
bio-jet fuels have emerged depending on the type of bio-resources used [254]. A 
number of multinational companies have developed process technologies (Table 6) 
for the conversion of different types of biomass/renewable feedstocks to bio-jet fuel 
[255]. While a few of them have gone through ASTM certification process for 
blending with petroleum-based jet fuel, others are under consideration for certifica-
tion. Nearly all types of raw materials (Table 6), fossil-based (coal, natural gas), 
biomass, cellulosic biomass, starch, sugars and bio-renewables like vegetable oils, 
recycled oil and animal fat have been explored for production of bio-jet fuel. 
Fermentation, hydrolysis, oligomerization, hydrotreatment and thermal decomposi-
tion are the conversion processes employed. Most of the processes listed in the table 
are in the advanced stage of development, and several airlines have entered into 
contracts for the supply of bio-jet fuels manufactured by applying these processes 
[256], for conducting flight trials after mixing with petroleum-derived jet fuel as per 
ASTM norms.

Compared to the different raw materials used for bio-jet fuels production, bio-
ethanol is better placed with respect to abundant availability and relatively lower 
cost and hence continues to receive global attention. Recently, a number of SAJF 

Table 5  Process technologies 
for the production of bio-jet 
fuels (Adapted from Wei-
Cheng et al. [254])

Technologies Production processes

Alcohol to jet (ATJ) Ethanol to jet
 n-butanol to jet
Isobutanol to jet
Methanol to jet

Oil to jet (OTJ) Hydro-processed renewable jet
Catalytic hydro-thermolysis
Hydrotreated depolymerized cellulosic 
jet

Gas to jet (GTJ) Fischer-Tropsch synthesis (FT)
Gas fermentation

Sugar to jet (STJ) Direct sugar to hydrocarbons (DSHC)
Catalytic upgrading
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(Sustainable Alternative Jet Fuel) processes using ethanol, methanol, n-butanol and 
isobutanol have been developed. These processes differ in terms of biomass raw 
materials used and the processes followed for conversion of biomass to alcohols, 
types of alcohols and processes adopted for conversion of alcohols to jet fuel. Some 
of the ATJ/SAJF processes which are in various stages of development are described 
in the following pages.

Lanza-PNNL Process

LanzaTech Inc. and PNNL (Pacific Northwest National Laboratory) have collabo-
rated to develop a hybrid process, LT-PNNL [257], for the conversion of three dif-
ferent biomass raw materials, wood, corn stover and bagasse, to jet fuel, distillate 
and value-added chemical, butadiene (BD), following a multistage integrated 

Table 6  Bio-based jet fuel production processes—status on development and application [255]

Production 
process Developer/manufacturer Raw materials

Aromatic 
content

ASTM review stage 
and max. mixing 
proportions

FT-SPK Sasol, Shell, Syntroleum Coal, natural gas, 
biomass

Low (2009)—50% 
approved

HEFA Honeywell UOP, Neste 
Oil, Dynamic Fuels, 
EERC

Vegetable oil, 
animal fat, 
recycled 
vegetable oil

Low (2011)—50% 
approved

SIP Amyris, Total Sugar Low (2014)—50% 
approved

ATJ-SPK Gevo, Cobalt, Honeywell 
UOP, LanzaTech, Swedish 
Biofuels, Byogy

Starch, sugar, 
cellulose-based 
biomass

Low (2016)—50% 
approved

FT-SKA Sasol Coal, natural gas, 
biomass

High Under review by 
committee

HDO-SK Virent Starch, sugar 
cellulose-based 
biomass

Low Investigation report 
submitted

HDO-SKA Virent Starch, sugar 
cellulose-based 
biomass

High Investigation report 
under review

HDCJ Honeywell UOP, Licella, 
KiOR

Cellulose-based 
biomass

High Supplement to 
investigation report 
received

CH Chevron Lummus Global, 
Applied Research 
Associates, Blue Sun 
Energy

Vegetable oil, 
animal fat, 
recycled 
vegetable oil

Low Investigation report 
under review

FT-SPK Fischer-Tropsch synthetic paraffinic kerosene, HEFA hydrotreated esters and fatty acids, 
SIP synthesized isoparaffins, SKA synthetic paraffinic kerosene with high aromatics, HDO hydro-
deoxygenation, HRJ hydrotreated renewable jet
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process, as depicted in Fig. 26. The first stage consists of thermochemical conver-
sion of biomass into syngas. The process, that uses highly energy-efficient plasma 
to convert biomass into clean syngas with consistent composition, was developed 
by LanzaTech Inc. The process includes collection, compression and purification of 
syngas. In the second stage, syngas is fed to the bioreactor, wherein it undergoes 
microbial fermentation process [258] developed by NREL (National Renewable 
Energy Laboratory), to yield two products, ethanol and 2,3-butanediol (2,3-BDO). 
The next stage for the conversion of ethanol to jet fuel, involving a series of three 
catalytic steps, (1) dehydration of ethanol to ethylene, (2) ethylene oligomerization 
to jet fuel range olefins and (3) olefins hydrogenation, was developed by PNNL [259].

Since direct oligomerization of ethylene is a slow process with lower selectivity/
yields towards olefins in the desired carbon number range, a two-stage oligomeriza-
tion process was developed. In the first stage, ethylene undergoes oligomerization to 
C4–C10 olefins, which go through further oligomerization in the second stage, to 
yield jet fuel range olefins [259, 260]. Separation of the fermentation co-product, 
2,3-butane diol, and its catalytic conversion to butadiene (BD) were achieved by 
stepwise catalytic dehydration, first to methyl vinyl carbinol, followed by second 
dehydration step, to yield 70% BD with 98% purity [257, 261]. Optionally, BDO 
can be converted to methyl ethyl ketone (MEK). Some of the additional features of 
the LT-PNNL process are [257]:

•	 Industrial waste gas streams containing carbon oxides (i.e. steel plant) can be 
used for ethanol production by fermentation.

•	 Fermentation process can be optimized for the production of ethanol and BDO 
in desired proportions, depending on the requirements.

•	 The process was demonstrated on lab scale with 2000 h of continuous run, pro-
ducing 400 gallons of jet fuel and 400 gallons of diesel.

•	 Jet fuel produced meets the specifications designated for “Alcohol to Jet Synthetic 
Paraffinic Kerosene” (ATJ-SPK) in ASTM D7566, Standard Specification for 
Aviation.

Turbine Fuel Containing Synthesized Hydrocarbons, which specifies requirements 
for alternative jet fuels

•	 Co-production of 2,3-BDO/BD reduces overall cost of production.
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Syngas 

collection 

Purification
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Products 

recovery

Dehydration 

Oligomerization

Hydrogenation

Dehydration
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2,3 BDO

Jet fuels

Butadiene
MEK

Fig. 26  Block diagram for Lanza-PNNL process for conversion of biomass-derived ethanol to jet 
fuel and value-added chemicals (Adapted from Ref. [257])

Catalytic Conversion of Alcohols into Value-Added Products



542

ORNL-Vertimass Process

Oak Ridge National Laboratory (ORNL) has developed highly versatile process and 
catalyst [262] for single-step conversion of dilute ethanol from fermentation stream 
to highly value-added product stream consisting of blend stocks suitable for jet fuel, 
middle distillate or gasoline. The process is capable of using feedstocks containing 
5–100% ethanol in water without external supply of hydrogen and under mild con-
ditions, at low pressure, 60 psi, 350 °C and optimum space velocity (LHSV). Pilot-
scale evaluation of the process is to be undertaken by TechnipFMC, and the lab-scale 
process has been licensed to Vertimass for exploring commercial venture [263–266]. 
V-, V-In- and Ga-exchanged mono- and bimetallic ZSM-5 catalysts, under opti-
mized process conditions, display C3–C16 hydrocarbon selectivity >80% (Fig. 27) 
with 100% conversion of ethanol. Light hydrocarbons (C2 + C3) formation is <5% 
[267–269]. Metal-exchanged zeolite catalyst in combination with a benzene alkyla-
tion catalyst helps to bring down benzene content to <0.68% in the product stream 
[270], in accordance with environmental regulations.

In order to gain mechanistic insights into the process, studies have been con-
ducted using deuterium-labelled reactants, C2H5OD and D2O and in situ DRIFTS 
studies [267]. It is observed that with C2H5OD as reactant, deuterium is incorpo-
rated in product hydrocarbons, but with 70% ethylene and 30% D2O, deuterium 
incorporation is not observed. But with 70% ethanol and 30% D2O, deuterium is 
incorporated in all hydrocarbons except ethylene. Based on these results and 
DRIFTS studies, Chaitanya et al. [267] concluded that ethylene is not the intermedi-
ate in this process and the reaction proceeds via hydrocarbons pool mechanism.

It is proposed that, unlike LT-PNNL multistep process, which involves ethanol 
dehydration to ethylene and oligomerization of ethylene to higher carbon number 
olefins followed by hydrogenation, ONRL-Vertimass process on metal-exchanged 
zeolite catalysts follows a consolidated alcohol dehydration-oligomerization 
(CADO) pathway to yield, in single step, hydrocarbon blend stocks, suitable for jet 

Fig. 27  Ethanol 
conversion on V-ZSM-5 
catalyst as a function of 
temperature at 
LHSV-2.93 h−1 
(Reproduced from Narula 
et al. [267])
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fuel, diesel and gasoline. Product stream composition could be varied depending on 
market demands by suitable optimization of the process conditions. The lab-scale 
process has been demonstrated by 200 h continuous run, and the product composi-
tion and fuel characteristics have been established. However, long-term stability of 
the catalyst and ASTM-D-7566 certification are yet to be established. Techno-
economic and life cycle analysis [271] of ONRL-Vertimass vs. LT-LNNL processes 
has shown that the former one is cost-efficient, is viable for blending when oil is at 
US$100 per barrel and can reduce GHG emissions by 40–96%. Vertimass along 
with Bioenergy Technology Office of the US Department of Energy would jointly 
work for further improvements in the process and catalysts and to establish com-
mercial viability.

C4 Bio-alcohols-Based Processes

Two C4 bio-alcohol-based processes, one by Gevo, Inc., using bio-isobutanol and 
the other by Cobalt Biofuels (now Cobalt Technologies) using bio-1-butanol, for 
conversion to jet fuel, have been developed. Sugars extracted from biomass undergo 
fermentation by Gevo Integrated Fermentation Technology (GIFT) using specific 
microorganisms to yield isobutanol [272], which is dehydrated to isobutylene. On 
oligomerization using acidic catalysts like Amberlyst 35, iso-butylene is converted 
to C8–C16 olefins, which are subsequently hydrogenated to jet fuels [273]. Jet fuel 
blend from Gevo process has secured certification as per ASTM-D-7566 for blend-
ing with commercial aviation fuel. Airliner Delta has entered into an agreement 
with Gevo, Inc., for offtake of 10 mill gallons per year of bio-jet fuel [274].

CLJ-5 bio-jet fuel developed by Cobalt Biofuels is based on 1-butanol obtained 
by fermentation of C5–C6 sugars extracted from cellulosic biomass [275–277]. 
Bio-1-butene produced by dehydration of bio-1-butanol undergoes oligomerization 
followed by hydrogenation to yield jet fuels. Oligomerization is achieved by using 
metallocene catalyst, bis-cyclopentadienyl zirconium dichloride, with MAO as co-
catalyst [278]. The process has been demonstrated at pilot scale, and the jet fuel 
product meets all specifications for blending with JP-5 and other aviation fuels.

Other Processes Based on Ethanol/Alcohols

Conversion of ethanol to butanol and higher alcohols through Guerbet chemistry 
has opened up another route for ethanol to jet fuel (ETJ) production [241], wherein 
C4–C6 alcohols could undergo sequential dehydration, oligomerization and hydro-
genation to yield jet fuels. With Cu/MgO-Al2O3 catalyst, PNNL [279] could achieve 
44% ethanol conversion and 75% C4+ alcohol selectivity at 300–350 °C and WHSV 
0.1–0.2 h−1. However, achieving higher ethanol conversion with high selectivity for 
C4+ alcohols and longer life has been a challenge for ethanol coupling processes. 
Hence many options for [241] ETJ process are being explored as illustrated in 
Fig. 28. A combination of two methanol conversion steps, the first through MTO 
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(via C2–C4 olefins oligomerization and hydrogenation) and the second through 
DME (via MTG/MOGD), has been envisaged by Bradin [280] for methanol to jet 
fuel (MTJ) process.

An integrated process involving biomass-derived syngas conversion to a mixture 
of oxygenates, containing C1–C5 alcohols, acetic acid and acetaldehyde, followed 
by oligomerization and hydrogenation to jet fuel/distillates has been explored by 
Dagle et al. [281] from PNNL. A systematic review of bio-jet fuel conversion tech-
nologies, covering the developments in each case, published by Wang et al. [282], 
shows that this area has tremendous potential.

5  �Aqueous Phase Reforming of Alcohols

Hydrogen is recognized as the clean and efficient source and carrier of energy. 
Currently, hydrogen is produced by steam reforming, which utilizes non-renewable 
fossil resources (natural gas, oil, coal) and is highly energy intensive with a large 
carbon footprint as well. Renewable biomass-based hydrogen production processes 
like gasification and pyrolysis, though carbon-neutral, are again energy-intensive. 
In this context, aqueous phase reforming (APR) of biomass feedstocks, developed 
by Dumesic et al. [283], has emerged as a viable and sustainable route for the pro-
duction of hydrogen. Unlike steam reforming, APR is carried out at lower 
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temperature (at <500 K compared to 773–1073 K required for vapour phase steam 
reforming process) and pressure of 20–25 bar, to maintain water in liquid state, thus 
eliminating energy required for evaporation. Besides, APR includes water-gas shift 
reaction (WGS) that involves the formation of additional hydrogen to lower CO 
content, along with the conversion of CO to CO2 [284].

Aqueous solutions containing 5–20 wt% of any type of biomass intermediates/
platform chemicals, like cellulose, C5–C6 sugars, polyols and C1–C4 aliphatic alco-
hols, could be used as feed, rendering APR as a highly versatile process for the 
production of fuels and chemicals from biomass [285, 286]. APR is a carbon-neutral 
process, which can be integrated with other biological, thermal, chemical or fer-
mentation processes [287] without the need for external hydrogen source. A recent 
Scopus survey (Fig. 29) brings out a quick indication of the level of global research 
activity in APR, with all types of biomass feedstocks, in terms of number of publi-
cations, in the past two decades.

Transformation of alcohols under APR process conditions is represented by the 
following reactions/equations:

	 C H O H O CO Hn n n n n n2 2 2 2 22 1+ + → + +( ) 	 (7)

C-C bond breaking could lead to the formation of CO, which can undergo water-gas 
shift reaction to yield hydrogen.

	 CO H O CO H+ → +2 2 2	 (8)

Side reactions involving CO2 are possible, especially at lower reaction tempera-
tures, leading to the formation of alkanes via methanation and Fischer-Tropsch 
reactions:

Fig. 29  Trend of the peer- reviewed manuscripts contain “X aqueous phase reforming” (with 
X = methanol, ethanol, EG, glycerol, sorbitol, etc.) in abstract, keywords and title (Adapted from 
Scopus® (accessed on Oct 4, 2019) (Reproduced from Fasolini et al. [286]))
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	 3 2 4 2H CO CH H O+ → + 	 (9)

	 4 22 2 4 2H CO CH H O+ → + 	 (10)

	 n n n nCO H CH H O+ → [ ] +2 2 2 2— — 	 (11)

Mechanistic pathways followed during reforming of alcohols towards the formation 
of hydrogen and alkanes have been investigated in detail by Davda et al. [288] with 
ethylene glycol as the substrate, as illustrated in Scheme 6. Preferred pathway 
involves initial dehydrogenation, followed by the C-C bond cleavage of the adsorbed 
intermediate to yield CO, which undergoes water-gas shift reaction forming hydro-
gen and CO2. Cleavage of C-O bond is not desirable since it would lead to the for-
mation of acids. Thus, dehydrogenation and C-C bond cleavage are the two essential 
catalytic functionalities required for hydrogen production. While supported metal 
catalysts, in general, are suitable for these surface transformations, side reactions, 
methanation and F-T synthesis reactions involving the products, CO2 and H2, are 
also possible depending on process conditions. Reforming of two polyols, ethylene 
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glycol and glycerol, has been investigated extensively, and comprehensive reviews 
covering noble (Pt) and non-noble (Ni) monometallic and bimetallic (Pt-Re, Pt-Mn, 
Pt-Ni and Ni-Sn) catalysts on various supports and the influence of process condi-
tions have been published [287, 289].

In the case of ethylene glycol, the order of activity on silica-supported metal 
catalysts was observed to be Pt ~ Ni > Ru > Rh > Pd > Ir, with Pt and Pd displaying 
high selectivity for H2 formation while Ni and Rh for alkanes [288]. Amongst the 
supports investigated, alumina, silica, activated carbon (AC), mesoporous carbon 
(CMK-3) and pseudo-boehmite (Catapal B) for monometallic Pt and bimetallic 
Pt-Re and Pt-Mn catalysts [290–292], CMK-3 and AC exhibited higher conversion 
and selectivity for H2 and better hydrothermal stability compared to silica and alu-
mina supports. Kim et al. [291] have investigated several bimetallic catalysts sup-
ported on CMK-3 and observed that Pt-Re displayed high conversion (44.2%) but 
higher alkane selectivity (19.8%), while Pt-Mn exhibited lower conversion (39.7%) 
and lower alkane selectivity (2.9%) with higher hydrogen production rate, 
26.8 cm3/g/min vis-à-vis 19.8 cm3/g/min for Pt-Re catalyst. Higher activity observed 
with bimetallic Pt-Mn and Pt-Ni catalysts is attributed to alloy formation [291, 293]. 
According to Bai et  al. [294], addition of basic components, MgO and CeO2, to 
alumina-supported Pt-Re catalysts resulted in 100% conversion and nearly 100% H2 
selectivity. Increase in Pt dispersion by addition of CeO2 and moderation of alumina 
acidity by MgO are proposed to be responsible for high activity and selectivity. 
Choice of support, tuning support characteristics, metal loading and the active phase 
composition are thus crucial to achieve higher conversion as well as selectivity.

Similar studies on supported metal catalysts, especially on Pt-based mono- and 
bimetallic catalysts, on different supports, have been reported for aqueous phase 
reforming of glycerol as well [287, 289]. One significant observation [295, 296] is 
that larger Pt particles lead to a decrease in H2 and CO2 formation and C-C bond 
cleavage is favoured by small Pt particles as against C-O bond cleavage and hydro-
genation reactions, thus highlighting the importance of catalyst preparation meth-
ods to achieve higher metal dispersion. Though nickel-based mono- and bimetallic 
(Pt-Ni) catalysts were active for APR of glycerol, deactivation of catalysts was a 
major concern, and several strategies, like changes in method of preparation (sol-
gel, combustion synthesis), choice of supports and promoter elements, have been 
adopted to improve the stability of the catalyst [289]. Wen et al. [297] observed that 
for Pt-based catalysts, basic supports (MgO, CeO2) resulted in higher conversion 
and selectivity, while neutral (AC) and acidic supports (alumina, silica, HUSY) 
increased the formation of alkanes. An exhaustive review by Fasolini et al. [298] 
covering the catalysts and process features in steam reforming and aqueous phase 
reforming of glycerol brings out the latest developments on these two processes. 
Highly efficient catalysts for both glycerol steam reforming (Ni/La2O3-Al2O3 cata-
lyst with 100% conversion and 99.7% H2 yield [299]) and aqueous phase reforming 
(Pt-Ni-Ce/Al2O3 catalyst with 96% conversion and 96% yield [300]) have been 
reported.

Though many methods for reforming of ethanol like steam reforming, oxidative 
reforming and autothermal catalytic reforming are known, all of them involve 
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higher reaction temperatures and tedious hydrogen purification processes due to 
high CO contents [291, 301].

Tokarev et al. [302] reported nearly complete conversion (98.3%) of 10% etha-
nol in water, during APR on Pt/Al2O3 catalyst at 225 °C and 29.3 bar pressure, in 
continuous-flow mode and observed hydrogen production of 0.15 mmol/min and 
stable activity. Addition of 10% sorbitol or 10% glycerol to aqueous ethanol solu-
tion resulted in increase of hydrogen production to 0.71 and 0.30 mmol/min, respec-
tively, along with methane and CO formation. In the case of alumina (prepared by 
solution combustion synthesis—SCS)-supported Ni (10% w/w loading) catalyst for 
ethanol reforming, Roy et al. [303] observed that surface modification of the cata-
lyst by non-thermal RF plasma treatment resulted in improvement in the ethanol 
conversion from 81.2% on unmodified catalyst to 85.9% on modified one at 225 °C, 
which displayed no deactivation for 144  h. Hydrogen yield was also higher, at 
381 μmol/min for modified catalyst in comparison with 334 μmol/min for unmodi-
fied one. Roy et al. [303] attributed the superior performance of plasma-treated cata-
lyst to an increase in Ni metal dispersion, stronger metal-support interaction and 
increase in acidity. Detailed studies on the influence of preparation methods for Ni/
Al2O3 [304, 305] and Ru/TiO2 [306] catalysts on the performance for ethanol 
reforming process have also been reported. Nickel supported on Mg-Al hydro-
talcites with basic character and higher surface area and pore volume displays 
higher ethanol reforming activity compared to Ni/Al2O3 [307]. Though n-butanol 
has higher hydrogen content (13.5% w/w) compared to ethanol (13%) and methanol 
(12.5%), n-butanol conversions are low, 5.77% on Ni/CeO2 and 2.77% on Ni/Al2O3 
at 488 K [308]. Both noble metal (Pt, Pd) and non-noble metal (Ni) catalysts have 
been explored for reforming of sorbitol and xylitol [289]. Higher hydrogen yield 
and hydrogen selectivity were observed for xylitol in comparison with sorbitol, 
since its longer carbon chain leads to higher alkane formation.

Comparative evaluation of the APR activity of different alcohols has been 
reported albeit with some contradictions. While Shabaker et al. [309] reported simi-
lar APR rates for methanol and ethylene glycol on Pt/Al2O3, with higher hydrogen 
production rate for methanol, Liu et  al. [310] reported higher ethylene glycol 
reforming rates with higher hydrogen selectivity compared to methanol, on Pt cata-
lysts on five different supports.

According to Cortright et al. [283], amongst different alcohols, maximum selec-
tivity for hydrogen production was observed with methanol, with lowest CO2 pro-
duction, since it has lowest number of carbon atoms (Table 7).

These studies reveal that C-C bond cleavage is not the decisive step in APR pro-
cess and the reaction mechanism varies with the type and molecular structure of the 
substrate alcohol.
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6  �Value Added Products from Sugar Alcohols: Sorbitol, 
Mannitol and Xylitol

Sorbitol is a versatile platform chemical with highly reactive hydroxyl groups, 
which undergo a variety of transformations like dehydration, hydrogenolysis, oxi-
dation and aqueous phase reforming to yield value-added products with many appli-
cations [136, 311]. An illustration of the applications of sorbitol and its derivatives 
in pharma, medicinal, cosmetics, food, confectionary, bioplastics and elastomers 
industries, brought out by Kobayashi and Fukuoka [312], is presented in Scheme 7. 
Isosorbide (1,4:3,6-dianhydrohexitol) is one such derivative of sorbitol, with mul-
tiple applications (Scheme 7) with a market size of US$ 396 million in 2018 which 
is projected to grow at CAGR of 8.5% during 2019–2025 [313]. A number of 
isosorbide-based biopolymers like polyethylene isosorbide terephthalate (PEIT), 
polycarbonate, isocyanate-free polyurethane [314], polyisosorbide succinate and 
isosorbide diesters are produced from isosorbide. Hence, production of isosorbide 
from sorbitol by acid-catalysed stepwise dehydration (Scheme 8) and directly from 
cellulose has been the subject of extensive investigations. Different types of solid 
acid catalysts like supported metal catalysts, zeolites, heteropoly acids, metal phos-
phates and ion-exchange resins have been explored for the conversion of sorbitol to 
isosorbide [136, 311]. Otomo et  al. [315] could achieve isosorbide selectivity of 
80% with zeolite β catalyst with SAR-75. Sulphonic acid-functionalized silica, 
modified with optimum loading of (3-mercapto-propyl) trimethoxy silane (MPTS) 
catalysts displayed better performance, with 100% sorbitol conversion and 84% 
yield of isosorbide [316]. Direct conversion of cellulose to isosorbide, using a com-
bination of Amberlyst 70 ion-exchange catalyst (for cellulose hydrolysis to glucose 
and dehydration of sorbitol to isosorbide) and 4% Ru/C (for hydrogenation of glu-
cose to sorbitol) to get 55.8% yield of isosorbide in single-pot process, has been 
reported by Yamaguchi et al. [317].

Besides the applications indicated in Scheme 7, catalytic conversion of sorbitol 
to alkanes via aqueous phase reforming and hydrogenolysis to ethylene glycol and 
1,2- and 1,3-propylene glycols are the other important and well-known applications 
of sorbitol [136, 312].

Table 7  APR reaction data for different alcohols on Pt-based catalysts

Feedstock
Concentration, 
%

Carbon in liquid/
gas phase 
effluents, %

Hydrogen 
selectivity, %

Alkane 
selectivity, %

CO2 in gas 
phase 
effluent, %

Methanol 12.5 6.5/94 99 1.7 25
Ethylene 
glycol

9.7 11/90 96 4 29

Glycerol 8.6 17/83 75 19 29.7
Sorbitol 7.6 29/61 66 15 35

Temperature, 498 K; pressure, 2.9 MPa (Adapted from Cortright et al. [283])
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Mannitol is useful in the synthesis of surfactants, resins and biofuels [318, 319], 
and mannitol-boric acid complex is used in the preparation of dry electrolytic 
capacitors. Mannitol has several crucial applications in the field of medicines [136]: 
(1) as a powerful osmotic diuretic, enhancing the urination to prevent renal failure 
by removing toxic materials from the body, (2) for reducing the brain swelling, (3) 
in enhancing the drugs’ transport across the blood-brain barrier for the treatment of 
acute brain diseases and (4) as a common vasodilator for the treatment of 
hypertension.

Xylitol is yet another platform chemical which is used in food, bakery and con-
fectionary industries. Though not widely used in the chemical industry due to its 

Scheme 7  Applications of sorbitol and its derivatives (Reproduced from Kobayashi and 
Fukuoka [312])
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inert nature, it is an active ngredient in several pharmaceutical, dental and oral care 
products [136].

Catalytic conversion of xylitol to value-added products, ethylene glycol and pro-
pylene glycol, proceeds through dehydrogenation, retro-aldol condensation and re-
hydrogenation pathways [320, 321]. An illustration of the major applications of 
mannitol, xylitol and arabitol, another sugar alcohol, according to Kobayashi and 
Fukuoka [312], is presented in Scheme 9.

7  �Conversion of Glycerol into Value-Added Products

Applications of glycerol as a versatile platform chemical, capable of undergoing a 
variety of sustainable chemical transformations towards a wide range of value-
added chemicals, fuels and fuel additives, have been reviewed comprehensively [91, 
95–99]. Some of the unique features of glycerol that make it as the most useful raw 
material are:

•	 Abundance and low cost.
•	 Utilization as crude glycerol.
•	 Amenable to chemo- as well as bio-catalytic conversions.
•	 Highly reactive functional groups.
•	 Wide spectrum of products based on types of catalysts/reaction conditions.

A summary of value-added products from glycerol (Fig. 30), through different 
catalytic processes, types of catalysts and developments therein, reported up to 
2009, has been published by Bozell and Petersen [21]. Two recent comprehensive 
reviews by Nda-Umar et al. [322] and Cognet and Aroua [323] on this topic cover 
the latest developments in the processes, catalysts and other features for the produc-
tion of many glycerol derivatives indicated in Fig. 30. Non-combustion routes like 
steam reforming, partial oxidation, autothermal reforming and aqueous phase 

Scheme 8  Stepwise dehydration of sorbitol to isosorbide (Reproduced from Zada et al. [136])
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reforming and supercritical water reforming are available for the conversion of glyc-
erol into hydrogen and syngas [322]. Both nickel- and platinum-based catalysts 
supported on modified (especially with ceria) alumina have been explored for steam 
reforming [322]. 10%Ni/5%CeO2-Al2O3 at 650 °C displayed 85.7% selectivity for 
hydrogen in continuous-flow packed bed reactor [324]. For APR of glycerol, 71.9% 
yield of hydrogen could be obtained on 1.44% Pt/Al2O3 at 225 °C, pressure = 2.3 MPa 
time = 3 h, with 100 mg of catalyst [325].

Though glycerol conversion and hydrogen production in APR process are, in 
general, less in comparison with steam reforming, utilization of crude glycerol in 
APR is less energy-intensive since vaporization is not required. Hence further 

Scheme 9  Applications of mannitol, xylitol and arabitol (Reproduced from Kobayashi and 
Fukuoka [312])
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Fig. 30  Summary of the processes for conversion of glycerol into value-added chemicals, fuels 
and fuel additives (Reproduced from Bozell and Petersen [21])
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improvements in catalysts for APR of glycerol is required. Conversion of glycerol 
to syngas by microwave plasma and supercritical water gasification of glycerol 
result in syngas production, which is to be converted further to yield hydrogen. 
These processes however require higher temperatures (500–650 °C) and low con-
centration of glycerol, 5–20% w/w [322].

Fuel additives, when blended with gasoline or diesel, help to improve viscosity 
and cold flow properties, anti-knock characteristics and octane rating and reduce 
emission of harmful exhaust gases (NOx) and particulates. They also ensure ther-
mal stability and clean combustion of the fuel and prevent corrosion of engines. 
Some of the fuel additives that can be obtained from glycerol are acetin (glycerol 
esters), glycerol ethers, solketal and acetal.

Esterification of glycerol with acetic acid or acetic anhydride using homoge-
neous and heterogeneous catalysts [326, 327] and transesterification of glycerides 
or glycerol with methyl acetate [328, 329] are known. Being a trihydric alcohol, 
acetylation of glycerol could lead to the formation of mono-, di- and triacetins, as 
illustrated in Scheme 10 [322]. While mono- and diacetins find applications in cos-
metics, medicines and food industries and as monomers in the production of biode-
gradable polyesters, it is the triacetins which are useful as fuel additives. Esterification 
is basically an acid-catalysed reaction, and almost all types of heterogeneous acidic 
catalysts, starting from ion-exchange resins (Amberlyst-15), clays (K10-
montmorillonite), zeolites (H-beta, HZSM-5, HSUY), niobic acid, heteropoly acids, 
sulfonic acid-functionalized mesoporous SBA-15, zirconia-based mixed metal 
oxides and sulphated zirconia-based catalysts, have been explored as catalysts. A 
list of such catalysts, reported recently, has been compiled by Nda-Umar et  al. 
[322], and few examples are covered here. Though acetic acid is commonly 
employed as acetylating agent, use of acetic anhydride is advantageous due to better 
accessibility of acylium ion from the anhydride compared to the intermediate from 
acetic acid. Due to this reason, on H-beta and K10, with acetic anhydride, 100% 
selectivity for triacetin was achieved in 20 min at low temperature of 60 °C [330].
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On Amberlyst-15, with acetic acid as acylating agent, 90% glycerol conversion 
and 31%, 54% and 13% selectivity towards mono-, di- and triacetins could be real-
ized. However, with acetic anhydride, on the same catalyst, 100% selectivity for 
triacetin was observed in 80 min at 60 °C. Iron oxide nanoparticles supported on 
mesoporous SBA-15 were highly active for glyceride formation with levulinic acid 
in the place of acetic acid, displaying >99% conversion of glycerol and 71% diace-
tin and 28% triacetin selectivity [331]. Sandesh et al. [332] have reported simultane-
ous synthesis of biodiesel and acetins using methyl acetate, on a series of novel 
solid basic catalysts, based on metal hydroxy stannates, MSn (OH)6 with M = Mg, 
Zn, Sr and Ca. The catalyst with higher basicity, CaSn (OH)6, exhibited glycerol 
conversion of 78.2%, with 67.3% monocetins and 32.6% diacetins selectivity. While 
complete conversion of glycerol could be realized, major research efforts are 
directed towards achieving desired acetin selectivity, by employing different cata-
lysts and process conditions [322].

Glycerol ethers are useful as oxygenated fuel additives and solvents. Glycerol 
ethers are obtained by etherification of glycerol with olefins/alcohols (isobutene/
tertiary butyl alcohol). Similar to acetins, glycerol mono-, di- and tri-ethers are 
formed. Different types of zeolites, clays, ion-exchange resins and supported het-
eropoly acids have been employed as catalysts [322]. Carbon supports derived from 
bio-resources like sugar cane bagasse, coconut husk and coffee grounds, after func-
tionalization with sulphonic acid, proved to be highly effective for etherification of 
glycerol. 81.8% glycerol conversion with 60.5% selectivity to mono-ether and 
21.8% to di- and tri-ethers could be obtained with carbon derived from sugar cane 
bagasse [333]. A comparative evaluation of ion-exchange resins (Amberlyst-15 and 
Amberlyst-35) and zeolites (Beta-BEA and USY and MOR) has shown that though 
the resin catalysts exhibit higher glycerol conversion at a lower temperature (75 °C) 
than zeolite-based catalysts (90–110 °C), the latter group of catalysts display higher 
stability, forming preferentially di- and tri-tertiary butyl glycerol. More than 95% 
glycerol conversion with 45% and 54% selectivity for di- and tri-tertiary butyl glyc-
erol is realized on nanosize BEA catalyst, due to relatively larger-sized pores [334].

Glycerol formals are formed by reaction between glycerol and aldehyde or 
ketone as illustrated in Scheme 11.

Solketal is a highly useful fuel additive, known for reducing particulate emission 
and gum formation and improving cold flow characteristics and oxidation stability 
[335, 336]. More than 90% yield of solketal is obtained by condensation of glycerol 
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and acetone using p-toluene sulfonic acid as the catalyst, with glycerol/acetone ratio 
of 1:6 [337]. Formation of ketals with several types of ketones besides acetone like 
butanone, cyclopentanone, 4-methyl-2-pentanone and 3,3-dimethyl-2-butanone 
was investigated by De Torres et  al. [338]. In the condensation of glycerol and 
cyclopentanone, at a molar ratio 1:1 and at 60 °C temperature, 81.4% solketal was 
obtained with fluorosulfonic resins (NR-50 and SAC-13) and K10-montmorillonite 
as catalysts over a reaction time of 2 h. Condensation of glycerol with acetone in 
continuous-flow mode using several heterogeneous catalysts (Amberlyst wet, zeo-
lite, Amberlyst dry, zirconium sulphate, montmorillonite and polymax) was investi-
gated by Nanda et al. [339]. Under optimized process conditions of 25 °C, acetone/
crude glycerol molar ratio of 4 and WHSV of 2 h−1, maximum yield of 94 ± 2% 
solketal could be obtained [340] on Amberlyst wet catalyst, which could be regener-
ated and reused for another 24 h cycle, without any loss of activity.

Similarly, formation of acetals by condensation of glycerol with aldehydes, 
using different types of acidic catalysts, has been studied extensively [322]. Like 
ketals, acetals are useful as fuel additives and solvents in paint and pesticide indus-
tries. Umbarkar et  al. [341] have studied acetalization of glycerol with different 
aldehydes on well-characterized mesoporous MoO3/SiO2. Maximum conversion of 
72% benzaldehyde with 60% selectivity to acetal was observed on 20% w/w MoO3/
SiO2 at 100 °C in 8 h. Recent developments in the catalysts and features in the pro-
cesses for acetalization of glycerol have been covered in a review by Amin 
et al. [342].

Glycerol could be converted into a number of value-added chemicals/chemical 
intermediates (Fig. 30) through chemo- and bio-catalytic routes as described in sev-
eral reviews [21, 91, 95–99, 322, 323]. Apparently simple conversion like dehydra-
tion of glycerol to acrolein has been the subject of intensive studies, mainly devoted 
to the development of catalysts that display maximum selectivity at optimum con-
version and reasonable life/regenerability. Though Cs salt of heteropoly tungstic 
acid supported on silica displayed 100% glycerol conversion and 98% selectivity 
for acrolein, the stability of the active phase (leaching) was the challenge [343]. 
Similarly, on supported NiSO4 catalyst, 90% glycerol conversion and 70% selectiv-
ity to acrolein could be achieved, but the catalyst was prone to deactivation due to 
oxidation and loss of sulphur [344]. Multicomponent catalyst with W-Zr-Al active 
phase, supported on hexagonal mesoporous silica (HMS) (MUICat-5), displayed 
excellent stability, higher glycerol conversion (86%) but moderate acrolein selectiv-
ity of 60% [345]. Though zeolite-based catalysts are active at high GHSV (1438 h−1), 
selectivity for acrolein is low [346]. A compilation of catalysts for dehydration of 
glycerol from recent literature is presented in the review by Nda-Umar et al. [322]. 
Some of the strategies for extending the catalyst life and reactor design aspects are 
discussed in another monograph by Cognet and Aroua [323].

Glycerol carbonate (GC) is the other glycerol derivative with widespread appli-
cations in the manufacture of polyurethanes, polyesters, polycarbonates and poly-
amides and useful as substitute for fossil-derived ethylene carbonate or propylene 
carbonate. It is also used as solvent in the paint, battery and detergent industries as 
well as in the synthesis of very valuable intermediates such as glycidol. GC is 
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prepared by three routes, by reacting glycerol with urea or dimethyl carbonate or by 
directly reacting it with carbon dioxide under supercritical conditions [322]. 
Transesterification of glycerol with ethylene carbonate over basic oxide catalysts 
(MgO, CaO) and mixed metal oxides of Al-Mg, Li-Al and Al-Ca-MO with hydro-
talcite structure at 35  °C results in high conversion and >98% selectivity to GC 
[347]. Ionic liquid catalysts like 1-n-butyl-3-methylimidazolium-2-carboxylate 
could yield 93% GC in 5  h. With the ionic liquid 1-ethyl-3-methylimidazolium 
acetate as catalyst, glycerol conversion of 93.5%, selectivity of 94.9% and GC yield 
of 88.7% were obtained at optimum conditions of 120 °C, 0.5 mol.% catalyst load-
ing, diethyl carbonate/glycerol molar ratio of 2 and reaction time of 2 h [348]. There 
was no deactivation even after the catalyst was used three times, which was attrib-
uted to excellent interaction between the ionic liquid and the reactant.

1,3-Propane diol is a versatile chemical intermediate and highly useful monomer 
for the production of polyesters (polytetramethylene terephthalate, PTT), poly-
ethers, polyurethanes and many other value-added chemicals [322]. Hydrogenolysis 
of C-O bond in glycerol results in the formation of 1,2-propane diol (1,2-PDO) and 
1,3-propane diol (1,3-PDO), with the selectivity for specific diol determined by the 
type of catalyst and the reaction conditions adopted. Hydrogenolysis, which involves 
dehydration as the first step, can result in the formation of hydroxy acetone, which 
on further hydrogenation leads to 1,2-PDO. If, on the other hand, the dehydration 
leads to the formation of 3-hydroxy propanal, its further hydrogenation results in 
1.3-PDO [349]. Since formation of hydroxy acetone is favoured thermodynami-
cally, 1,2-PDO is formed with high selectivity on many types of catalysts, noble 
metal, non-noble metal or noble metals in combination with acidic/basic compo-
nents [98–102]. However, 1,3-PDO with high selectivity of 66% is observed only 
with noble metal- mixed oxide catalysts, like Pt-WOx/AlOOH with moderated acid-
ity [100]. Though a large number of other catalyst systems, mono- and bimetallic 
catalysts with different supports, have been explored [322, 349], maximum 1,3-
PDO selectivity of 52% could be realized. On Ir-ReOx/SiO2 catalyst, Nakagawa 
et al. [349] could observe 1,3-PDO selectivity of 65% but at lower glycerol conver-
sion of 22.6%. Thus, achieving high conversion of glycerol with high selectivity for 
1,3-PDO on heterogeneous catalysts remains a challenge. Biochemical conversion 
of glycerol to 1,3-PDO, using different microorganisms like Bacillus, Lactobacillus, 
Klebsiella, Citrobacter, Ilyobacter, Enterobacter and Clostridium, in batch and 
continuous mode processes, has been reported [350].

Glycerol as biochemical feedstock has gained prominence when it replaced glu-
cose as the raw material for the enzymatic conversion to 1,3-PDO [21]. With glyc-
erol as the feedstock, 1,3-PDO yields approaching to the theoretical yield (g of 
1,3-PDO per g of feed) of 67% could be achieved with genetically modified 
Clostridium acetobutylicum with concentrations of over 84  g  L−1 at a rate of 
1.7 g L−1 h−1. In contrast, with glucose as feedstock, the yield was 30–40% only 
[351, 352]. Fermentation of crude glycerol with Clostridium acetobutylicum [353] 
and Klebsiella pneumoniae [354] resulted in the same level of PDO concentration 
and productivity realized with purified glycerol, thus paving way for the utilization 
of crude glycol as economically viable bio-resource for the production of 1,3-PDO.
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Utilization of crude glycerol as biochemical feedstock for 1,3-PDO has brought 
into focus the production of several other important chemicals/chemical intermedi-
ates through enzymatic processes. Microbial processes with crude glycerol as feed-
stock have been reported for the production of hydrogen, methanol, ethanol, 
n-butanol, glyceric acid, citric acid, polyunsaturated fatty acids, lactic acid, succinic 
acid and biopolymers like poly hydroxy alkanoate (PHA), poly hydroxy butyrate 
(PHB) and acrylates. Development of microbial processes for these chemicals, 
types of microorganisms employed and the process conditions adopted have been 
covered in detail in the reviews by Dobson et al. [355] and Garlapati et al. [356].

Oligomerization of glycerol to polyglycerol and conversion to olefins (ethylene, 
propylene and butadiene) are the other processes that utilize glycerol as raw mate-
rial [322].

Though a number of processes have been developed and patented [322] for the 
conversion of glycerol to value-added chemicals, fuels and fuel additives, only few 
of them have reached commercial scale. Epichlorohydrin from glycerol (Dow, 
Solvay) via dichloro propanol [21], 1,3-PDO using recombinant Escherichia coli 
(DuPont) and polyglycerols by Sakamato Japan have been successful on commer-
cial scale. Tremendous opportunities as well as challenges remain in glycerol con-
version processes, requiring continuous research efforts to improve process 
efficiency, selectivity, catalyst stability and reduction in the cost of production, to 
enable viability on commercial scale.

8  �Conversion of Furfuryl Alcohol into Fuels and Chemicals

Furfuryl alcohol (FOL) is one amongst the most important derivatives of furfural 
(FAL), another abundant biomass intermediate and a versatile platform chemical 
[357]. More than 65% of FAL is utilized for the manufacture of FOL by catalytic 
hydrogenation, which has been studied extensively [357, 358]. Major applications 
of FOL derivatives towards production of value-added chemicals/fuels are illus-
trated in Fig. 31.

An important derivative of FOL is levulinic acid (LA, 4-oxopentanoic acid), 
which is one amongst the 12 platform chemicals identified by US DOE in 2004, 
with tremendous application potential. Global market for LA during the period 
2019–2024 is projected to grow at CAGR of 4.9%, to touch US$ 34.5 Mill. by 2024 
[359]. As many as 16 different application segments for LA have been listed by 
Bozell et al. [360]. LA can be produced from lignocellulosic biomass via the Biofine 
process [361] and also from FOL by acid-catalysed ring opening in H2O [362]. LA 
with two active functional groups (keto and carboxyl) undergoes a range of chemi-
cal transformations (Fig.  32) yielding highly useful chemicals and fuels. Salient 
features of these transformations brought out by different catalysts have been cov-
ered in the reviews by Bozell et al. [360], Mariscal et al. [357] and Xue et al. [363].

Delta-aminolevulinic acid (DALA), another derivative of LA, is useful as biode-
gradable broad-spectrum herbicide/insecticide and for cancer treatment [360].
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Delta-aminolevulinic acid (DALA).
Other derivatives like methyltetrahydrofuran, γ-valerolactone (GVL) and esters 

of levulinic, valeric and pentanoic acids find applications as fuels and fuel addi-
tives [357].

Alkyl levulinates (AL) or esters of levulinic acid, especially with ethanol and 
butanol, belong to a class of highly efficient bio-based fuel additives for blending 
with gasoline and diesel, due to low sulphur content and toxicity, high lubricity, 
good flow properties and flash point stability [357, 364]. Several routes based on 
solid acid catalysts for synthesis of AL from different raw materials like (1) levu-
linic acid, (2) mono- and disaccharides (glucose, fructose, sucrose), (3) polysac-
charides and biomass and (4) furfuryl alcohol have been investigated in detail and 
been covered extensively in the reviews by Ahmad et al. [364] and Demolis et al. 
[365]. Ionic liquids [IL]-based and sulfonic acid-functionalized catalysts are 
reported to be promising candidates for these processes [364]. Though direct syn-
thesis of AL from cellulosic biomass is possible, due to its complex structure, the 
process involves several steps like depolymerization, solvolysis, dehydration and 
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alcoholysis and requires relatively severe process conditions and hence lower selec-
tivity/yields in comparison with those from LA or FOL.

Etherification of FOL with ethanol yields (Scheme 12) ethyl furfuryl ether (EFE), 
an efficient fuel additive. Synthesis of EFE using ZSM-5 and zeolite beta catalysts 
and its blending characteristics with gasoline up to 30% w/w have been reported by 
Haan and Lange [366, 367].

Especially with ZSM-5 (SAR-30) catalyst, and ethanol/FOL molar ratio of 7.5:1, 
EFE yield of 50% could be achieved with 80% conversion of FOL at 398 K by 
Lange et al. [368]. Though some amount of (<10 mol.%) useful side products like 
LA and angelica lactone could be observed, formation of ~20 mol.% of heavier 
products points out the need for further improvements in the process, in terms of 

Fig. 32  Chemical transformations of levulinic acid to value-added chemicals and fuels 
(Reproduced from Xue et al. [363])
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alternative more selective catalysts and optimization of process conditions and 
arresting the deactivation of catalysts. 2,2′-Difurfuryl ether (DFE), a well-known 
flavouring agent in the food industry, is obtained from FOL, by conventional two-
step process [369] involving bromination of FOL followed by etherification 
(Scheme 13).

DFE is also formed as by-product during oligomerization of FOL [370] and by 
direct etherification using polyoxometallate catalysts [369].

By carrying out appropriate modifications in the catalyst formulations and opti-
mization of process conditions (to achieve ring/side-chain or total hydrogenation), 
three more useful derivatives of FOL, namely, tetrahydro furfuryl alcohol (THFOL), 
methyl furan (MF) and methyltetrahydrofuran (MTF), with specific individual 
applications as chemicals and fuels [357, 358, 368], could be obtained.

Highly controlled oligomerization and polymerization of FOL yield a range of 
useful materials/composites [371–373]. Oligomerization of FOL (in homogeneous 
phase with H2SO4 or Amberslyst-15 ion-exchange catalyst in heterogeneous phase) 
followed by hydrogenation on Ni/Al2O3 catalyst (Scheme 14) results in C9–C20 
hydrocarbons useful as diesel/kerosene range blends [357, 374] and fuels.

Besides being the raw material for the manufacture of numerous chemicals and 
fuels, the most important application of FOL, in terms of consumption volume 
(~88%), is for the manufacture of resins. Exothermic condensation polymerization 
of FOL in the presence of aqueous acid solution proceeds in two modes, the first one 
being alkylation at C5 position of the furan heterocycle (forming a methylene bridge, 
with head-to-tail structure) and the second involving the condensation of two −OH 
groups (etherification, with head-to-head structure) as depicted in Fig. 33. However, 
on elimination of formaldehyde from ether linkages, head-to-head configuration 
transforms into head-to-tail structure. The resinification process, besides being 
highly exothermic, is also autocatalytic, requiring efficient heat removal and careful 
control of pH, to avoid any possible explosion [375]. Inorganic (H2SO4 HCl and 
HNO3) and organic (p-toluene sulfonic, dodecyl benzene sulfonic, formic, lactic, 
maleic and oxalic) acids and Lewis acids SnCl4 and TiCl4 have been employed as 
catalysts for resinification of FOL.  This is followed by curing process, wherein 
conjugated polyfurfuryl chains undergo interchain Diels-Alder condensation lead-
ing to cross-linking [357]. When solid acid catalysts are used, they get incorporated 
in the resin matrix, forming polymer-based nanocomposites (PNC) with improved 
properties [376]. Such cross-linked polymers of FOL possess excellent chemical, 
thermal, corrosion resistance and mechanical properties, thus rendering them highly 
useful for applications in foundry industry and for coatings, wood protection, fibre-
reinforced plastics, adhesives and binders, low-flammability materials, membranes 
and fabrication of electronic materials. Hazards due to emission of formaldehyde, 
generally associated with formaldehyde-based resins, are avoided with the use of 
FOL-based resins.
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9  �Miscellaneous Conversions of Alcohols

Oxygenates of alcohols, namely, aldehydes, ketones, acids, ethers and esters, are 
important class of derivatives, useful mainly as solvents, raw materials and interme-
diates for the synthesis of value-added products. Depending on the type of catalysts 
(usually supported metal/metal oxide) and the process conditions, different oxygen-
ated products are formed. Dehydration, dehydrogenation, oxidative dehydrogena-
tion, etherification, oxidation and esterification are the typical reactions involved. 
Synthesis and applications of oxygenates from ethanol have been studied exten-
sively and reviewed [166, 377, 378]. Simplest of all is the conversion of ethanol to 
diethyl ether (DEE) by vapour phase acid-catalysed dehydration of ethanol. On 
gamma alumina [379], DEE with 80% selectivity is obtained, while on heteropoly 
acid catalyst [380], nearly 100% selectivity could be achieved. While monofunc-
tional supported copper catalysts are active for acetaldehyde formation via dehydro-
genation, supported gold catalysts, on the other hand, catalyse oxidative 
dehydrogenation of ethanol to yield acetaldehyde [377]. A bi-functional redox-
acidic catalyst [Cu/ZrO2] further transforms acetaldehyde into ethyl acetate by reac-
tion with ethanol. It is proposed that a pair of Cu0/Cu+1sites present at metal/support 
interface facilitate further reaction of acetaldehyde and ethanol to ethyl acetate 
[381]. Both liquid phase (supported Au catalysts) and vapour phase (supported 
Mo-V-Nb catalysts) oxidation of ethanol to acetic acid have been reported. Cu-doped 
Au/NiO is found to be highly active at 120 °C in aqueous phase oxidation of ethanol 
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to acetic acid with >90% selectivity [377]. However, the process is not viable on 
industrial scale, wherein carbonylation of methanol with CO in homogeneous 
phase, with Rh/Ir complexes (Monsanto/CATIVA processes), is the preferred route.

Alkylation with alcohols is a well-known reaction, and catalytic alkylation of 
aromatics with alcohols is a well-established process in petrochemical industry. 
Recently alpha-alkylation reactions of various substrates with alcohols via hydro-
gen borrowing cycle are being pursued extensively [382]. Scheme 15 presented 
below describes the mechanistic pathway involved in the process, which starts with 
the transfer of hydrogen from alcohol A to the metal M, resulting in the formation 
of aldehyde B and metal hydride C. Base-catalysed aldol condensation of aldehyde 
B with the substrate carbonyl compound D leads to the formation of αβ-unsaturated 
ketone E, which undergoes hydrogenation through metal hydride to yield the alpha-
alkylated product F.  The process, resulting in the formation of C-C bonds via 
C-alkylation in presence of various transition metal catalysts and a base, has wide-
spread applications in synthetic organic chemistry and been studied extensively. 
Different types of carbonyl substrates, like aldehydes, ketones, esters, amides [383], 
nitriles, acetonitrile, acetamides, methyl pyrimidines and methyl quinolines [382], 
with appropriate catalysts, undergo alpha-alkylation with alcohols. Besides the tra-
ditional transition metal-based catalysts, homogeneous catalysts, for instance, 
Mn-based pincer complexes [383] and Os- and Ir-based complexes, and heteroge-
neous catalysts, especially supported transition metal catalysts and Pd and Ni 
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nanoparticles immobilized on inorganic supports, have been explored for alpha-
alkylation [382]. Typical examples of such conversions are presented for illustration.

Shimizu et al. [384] have reported selective C-3 alkylation of oxindole (1 mmol) 
with 1-octanol (1.1 mmol) using 1% Pt supported on CeO2 catalyst in mesitylene as 
solvent (1.5 g) at 170 °C for 24 h (Scheme 16) which could achieve 99% yield of 
alkylated product.

Alkylation of acetophenone (1 mmol) with benzyl alcohol (1.2 mmol) on nano-
scale Pd particles supported on AlO(OH) catalyst in presence of K3PO4 (3 mmol) at 
80 °C in Ar atmosphere results in 92% yield of alkylated product in 8 h (Scheme 17).

N-alkylation of amines and nitroarenes is another important step in synthetic 
organic chemistry. Dimethyl carbonate (DMC), dimethyl sulphate (DMS), methyl 
iodide (MI) and methanol are commonly used as methylation reagents. Comparative 
evaluation of these reagents on green chemistry metrics (atom economy, mass 
index) has shown that both DMC and methanol provide safer and greener reactions 
[387]. Hence methanol/alcohols are preferred reagents for N-alkylation of amines 
and O-methylation of phenols. Another desirable criterion is the selective 
N-monomethylation vs. overalkylation. Recently, Fu et al. [388] have developed an 
active and reusable Ir@YSMCNs nano catalyst (iridium nanoparticles encapsulated 
within yolk-shell-structured mesoporous carbon nanospheres) which is highly 
effective for selective mono N-methylation of amines and nitroarenes. The reaction 
follows again the hydrogen borrowing cycle, with methanol acting as hydrogen 
donor, as depicted in Scheme 18. On Ir@YSMCNs catalyst (0.5 g, 4% Ir loading), 
in presence of t-BuOK (1  mol.  eq.) as base and 2  mmol of aniline in methanol 
(15  ml) at 170  °C, 92% conversion of aniline with 97% selectivity for N-mono 
methyl aniline could be achieved.

Under optimized reaction conditions (2 mmol of nitrobenzene in 15 ml metha-
nol, 2 mmol of t-BuOK, 0.15 g catalyst with 4% Ir loading and at 170 °C), complete 
conversion of nitrobenzene with 97% selectivity towards N-monomethylated ani-
line could be realized in 30 h. Nitro compounds with different substituents could 
undergo facile conversion with high yields of N-monomethylated anilines on Ir@

Scheme 17  Alpha-alkylation of acetophenone (Reproduced from Kwon et al. [385, 386])

Scheme 16  Selective alpha-alkylation of oxindole (Reproduced from Shimizu et al. [384])
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YSMCNs catalyst under optimized reaction conditions. In both cases [385, 386, 
388], though hydrogen borrowing is envisaged, the actual step could be hydride/
hydrogen transfer.

Jiang et al. [389] have reported the application of reusable, commercial 5% Pd/
carbon catalysts for selective N-mono methylation of various aniline substrates with 
high yields, in presence of a base CH3ONa under mild reaction conditions. Besides 
methanol, other alcohols also could be used as alkylation reagents, thus rendering 
alcohols as highly efficient alkylation reagents.

10  �Future Trends

Currently, the global energy scenario is in the midst of a paradigm shift, with the 
emphasis on the generation of clean energy through environmentally sustainable 
processes. The chemical industry, on its part, is on the lookout for low-carbon 
energy, renewable feedstocks and more efficient as well as sustainable process tech-
nologies. The existing fossil resources as the raw material inventory for the refiner-
ies/chemical industries are gradually getting replaced with renewable bio-sources, 
carbon oxides from industrial waste gases and solid wastes [32–35, 53–56, 390]. 
Accordingly, the chemical process slate is also changing its face. In this context, 
production of bio-methanol/ethanol and other alcohols from renewable resources 
through chemo/bio-catalytic processes and their subsequent conversion to fuels and 
other value-added products have reached commercial status already, though limited 
in number, as of now.

Besides the technological challenges associated with conversion of bio-based 
feedstocks, the cost of production through sustainable routes has been a major limit-
ing factor in this endeavour. The cost of production of ammonia, methanol, olefins 
(ethylene, propylene) and aromatics (benzene, toluene, xylenes), which together 
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account for nearly two thirds of GHG emissions from the chemical industry, would 
be significantly higher, if alternative renewable feedstocks were to be used as of 
now [391]. Comparison of cost of production of fuels and chemicals from fossil vs. 
renewable resources has been a subject of in-depth study from time to time, since 
the early 1980s [392, 393]. However, it remains only indicative, due to the wild 
variations/shocks (Fig. 34) in the price of crude oil, which is governed by several 
extraneous factors other than availability, exploration and production issues, like 
climate conditions/control, various types of geo-political environments/compul-
sions/tensions, frequent demand-supply imbalances and, of recent, a global pan-
demic. In the year 2007, Rass-Hansen et al. [393] have indicated the relative cost of 
some selected chemicals (Fig.  35) derived from fossil and renewable resources, 
based on the cost of the raw materials prevalent at that time. It is observed that the 
cost of production of ethanol, ethylene and acetic acid from renewable resources is 
lower vis-à-vis the cost from fossils, possibly due to high crude oil price in 2007. 
The scenario is bound to change with the volatility in crude oil price.

As we move on into the future, the societal benefits due to clean environment, 
low-carbon energy and sustainable chemical processes may outweigh the indicative 
cost differentials, with technological innovations taking the centre space. Hence, the 
major future research focus in the area of alcohol conversion processes would be 
towards improving overall process efficiency. Some of the key areas that need fur-
ther investigations/improvements/innovations are:

•	 Further reduction in the cost of production of bioethanol from lignocellulosic 
biomass is needed to remain competitive vis-à-vis raw materials/fuels from fossil 
sources [163, 164, 394–396]. Especially the pretreatment and fractionation of 
biomass into major components/active intermediates/platform molecules con-
tinue to be challenging and add to the cost. Strategies to co-produce value-added 
products along with ethanol from biomass [53] are to be pursued vigorously to 
reduce the cost.

Fig. 34  Fluctuations in crude oil price (26 April 2020)
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•	 A closely related area of concern is the separation and purification of products. 
In many biomass conversions by chemo- as well as bio-catalytic routes, a num-
ber of side products are formed, and developing innovative and more efficient 
separation and purification technique for maximum recovery of desired product(s) 
could boost the process efficiency.

•	 Though production of acetone, butanol and ethanol (ABE) process has been in 
practice for a number of years now, the high cost of hydrolytic enzymes and the 
need for expensive pretreatment steps are still the challenges that have to be 
addressed. The success and adaptability of ABE and other enzymatic processes 
for 1-butanol and other alcohols depend on the choice of microorganism species, 
their genetic manipulation and process optimization along with substrate. Recent 
developments in these aspects have led to renewed interest in bio-catalytic pro-
cesses for the production of alcohols [397–399].

•	 Developing active, selective and stable catalysts for alcohol/biomass conversion 
processes has been a challenge, especially to maximize selectivity and retard 
deactivation. Amongst the different possible reaction pathways, the desirable one 
needs to be catalysed, by incorporation of requisite catalytic functionalities. 
Highly reactive molecule like glycerol can undergo several transformations, as 
illustrated in Fig. 30. To maximize the yield of a specific product, both metal and 
acidic/basic sites need to be fine-tuned, which requires a thorough understanding 
of the reaction pathways and generation of appropriate active sites. In-depth 
characterization of used/deactivated/spent catalysts could provide vital clues to 
understand the process of deactivation and devise means of arresting the same. 
Such an approach needs more in-depth studies on the reaction kinetics and mech-
anism, supported by advanced in situ spectroscopic investigations and computa-
tional approaches.

•	 A number of alcohol conversion processes like ethanol to propylene/isobutene/
aromatics; various conversions of glycerol, sugar alcohols and furanics; and 
aqueous phase reforming process require more systematic studies to develop 
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catalysts with higher selectivity and stability and improvements in overall pro-
cess efficiency.

•	 Though the process for the conversion of ethanol to 1,3-butadiene (BD) has suc-
cessfully met all the criteria for sustainability, the process economics is not 
favourable since BD production rate (grams of BD produced per hour per unit 
weight of the catalyst) is to be improved, which requires the development of 
superior catalysts [200, 205, 207, 229]. In this respect, 90% conversion of etha-
nol with 70% selectivity and high productivity rate of 0.4 g BD/g of catalyst/hr. 
on Ag/ZrO2-SiO2 reported by Dagle et al. [400] is noteworthy.

•	 Development of single-pot conversion processes, especially for versatile chemi-
cals like levulinic acid/alkyl levulinates [364, 365], GVL and other furan deriva-
tives, fuels and fuel additives [357], which utilize biomass intermediates and neat 
platform chemicals as raw materials, is the right approach. Synthesis of these 
chemicals directly from lignocellulosic biomass, though challenging, would be 
desirable. Designing multi-functional catalysts with appropriate active sites and 
a re-look on separation and purification steps are the key issues.

•	 Processes based on aldol condensation of alcohols with aldehydes and ketones 
and self- and cross-aldol condensation of alcohols (Guerbet alcohols) are highly 
important steps in C-C bond formation [27, 241] and synthesis of highly useful 
fuels and chemicals and, in general, in many biomass conversion processes. Dual 
functional catalysts involving metal (for dehydrogenation and hydrogenation) 
and acid-base sites (for aldol condensation) are required. There are still questions 
regarding the role of the key intermediates in these reactions, and the exact nature 
of the acid-base sites responsible for generation of critical intermediates is yet to 
be established. Various supports like hydroxyapatite, hydrotalcites, γ-Al2O3 and 
MgO with several modifiers and reducible of the metal ions (Ni. Cu, Ru, Pd) 
have been explored for the conversion of ethanol to butanol [73–78]. However, 
the mode of functioning of the catalysts is not clear, though the general consen-
sus is that low ratio of acid-base sites of the support may favour this reaction. 
Similarly, the criterion to be used for identifying the ease of reducibility of metal 
ions is yet to specified [401].

•	 Several promising processes have been developed for the conversion of alcohols 
to jet fuels and middle distillates/diesel [241, 282]. As the demand for these types 
of fuels is set to increase, the future research focus in this area would be towards 
a better understanding of oligomerization and aldolization chemistries that con-
stitute the backbone for these routes. Studies in these and related areas would be 
helpful in improving the process efficiency.

11  �Summary and Conclusions

Tremendous potential of biomass as feedstock for fuels and chemicals was visual-
ized as early as 1981 by Lipinsky [392], when the biomass conversion processes 
were at primitive stage.
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The relationship (Fig. 36) between the two major resources, fossil and biomass, 
and their transformation into feedstocks, primary chemicals and intermediates, as 
envisaged at that stage, included biomass-derived ethanol, glycerol, levulinic acid, 
lactic acid and furfural, which were identified later, as versatile platform molecules, 
in 2010 [20, 21]. Since then, the development of processes for economically viable 
production of different types of alcohols through sustainable routes and a wide 
range of alcohol conversion processes have received global attention. Besides the 
traditional biomass resources, carbon oxides from industrial waste gases, solid 
wastes and other renewables [32–35, 257] have been explored as feedstocks for 
alcohols, thus enormously improving their availability at lower cost through low-
carbon sustainable routes.

Alcohols with highly reactive R-O and O-H linkages are amenable for several 
types of catalytic transformations, yielding a range of fuels and chemicals. A com-
pilation of major alcohol conversion processes developed over a period of time and 
the typical product slates in each case is presented in Fig. 37. A brief account of the 
origin of these processes, catalysts used therein, recent developments and future 
directions for research has been covered in this chapter.

Nearly, all types of fuels derived from fossil resources could now be produced 
from alcohols, besides highly efficient and new range of bio-based fuel additives, 
like alkyl levulinates and furfural/furan/furfuryl alcohol derivatives. Amongst the 
building block chemicals, production of ethylene and propylene in on-purpose 
mode, through MTO and MTP processes, has been well-established on commercial 
scale. Three renewable methanol production processes, developed by Carbon 
Recycling Institute (CRI), BioMCN and Enerkem, have successfully completed 
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pilot/demonstration stage runs, and commercial-scale plants are under planning 
[32–35]. Once renewable methanol is available on commercial scale, MTO and 
MTP processes could, in the near future, become viable low-carbon alternatives to 
the olefins production by conventional steam cracking process. Similar develop-
ments could be envisaged for MTG and ETG processes as well, with the emphasis 
on improving the stability of the catalysts. 1,3-Butadiene from ethanol is another 
process with high promise, wherein the productivity rate is to be improved.

ASTM approval for the blending of bio-jet fuels produced by catalytic conver-
sion of alcohols/other renewables (Lanza-PNNL and other processes) is a signifi-
cant milestone in the area of biofuels. This development is expected to help the 
aviation industry in realizing the objective of reducing emissions by 50% (with 
respect to 2005 emission levels) by 2050, by substituting fossil-derived jet fuels 
with low-carbon bio-based fuels.

Alcohols have proven to be one of the most important sources for fuels and 
chemicals. Recent developments, as exemplified in this chapter, underpin the piv-
otal role that the catalytic transformations of alcohols could play, in building low-
carbon sustainable society. Developments in large-scale production of renewable 
hydrogen from water, via photovoltaic-powered electrolysis, could greatly contrib-
ute towards improving the sustainability of processes based on alcohols. Such a 
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scenario is bound to motivate sustained and more focused research efforts in this 
area, especially towards addressing the issues enlisted earlier and simultaneously 
seeking new avenues for growth.
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