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sult is a book that provides a nuanced look at the intersection between de-
veloping biotechnologies and the future of our energy security. The chap-
ters included examine the following topics:

* The editorial found in chapter 1 is a good introduction to the urgent rel-
evancy of this topic.

 In chapter 2, Rowley and his colleagues determine methodology for im-
proving the efficiency of extracting xylan from corn stover using dimethyl
sulfoxide combined with heat, significant because of third-generation bio-
energy’s focus on non-food biomass stock.

+ Chapter 3 contains an investigation by Rana et al. of pretreatment methods
and enzymatic hydrolysis for producing higher glucose yields from corn
stover as a biomass for bioenergy conversion.

 In chapter 4, we have research that supports acid-catalyzed thermochemi-
cal pretreatment of lignocellulosic feedstocks as a simple and inexpensive
approach for pretreatment that efficiently improves the susceptibility to cel-
lulolytic enzymes, even for more recalcitrant types of lignocellulose.

* Zhang and colleagues found in chapter 5 that sabinene was significantly
produced by assembling a biosynthetic pathway and evaluated other meth-
odologies for optimizing sabinene production.

* In chapter 6, my colleagues and I investigated technologies that indicate
that advanced biofuels such as green hydrocarbons represent an attractive
alternative to conventional bioethanol and biodiesel.

+ Because isoprenoids are an excellent illustration of the chemical diversity
and unique biochemical roles that are possible within members of a single
molecular family, in chapter 7, Jarchow-Choy and her colleagues investi-
gate these structures and their roles, particularly in terms of synthetic meth-
odologies and enzymological studies.
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Yang and Liu MPE discuss in chapter 8 metabolic process engineering’s
role in an efficient fermentation process for biochemical and biofuel pro-
duction.

In chapter 9, Rasala and her colleagues report the construction and valida-
tion of a set of transformation vectors that enable protein targeting to dis-
tinct subcellular locations; they then present two complementary methods
for multigene engineering in the eukaryotic green microalga C. reinhardtii,
a viable option for biofuel production.

Because R. eutropha has great potential to directly produce biofuels, Bi and
colleagues demonstrate in chapter 10 the engineering utility of a plasmid-
based toolbox for R. eutropha.

In chapter 11, Colmenares and Luque provide an overview of recent inves-
tigations into selective photochemical transformations using nanomateri-
als, particularly focused on photocatalysis for lignocellulose-based biomass
valorization as an important option for sustainable energy production.

Das and El-Safty investigate in chapter 12 integrating sulfate into the devel-
opment of zirconium nanoparticles, concluding that this offers an excellent
heterogeneous biodiesel catalyst for the effective conversion of long-chain
fatty acids to their methyl esters, a process vital for the production of certain
bioefuels.

Chapter 13 provides us with the investigation of Feyzi and colleagues into
sunflower oil transesterification with methanol.
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INTRODUCTION

The search for sustainable energy resources is one of this century's great
challenges. Biofuels (fuels produced from biomass) have emerged as one
of the most promising renewable energy sources, offering the world a so-
lution to its fossil-fuel addiction. They are sustainable, biodegradable, and
contain fewer contaminants than fossil fuels.

Although biofuels are rich with promise and may well be a major part
of our future energy security, there are still challenges to be met. These
will require ongoing investigations in several directions. One direction
will be determining more efficient pretreatment technologies. Another
fruitful area of research lies in advanced microbial technologies, which
can play a major role in more efficient biofuel production. Genetic and
chemical engineering research is also required, and nanotechnology has a
role to play as well. We need to develop processes and technologies that
minimize hydrogen consumption, increase overall process activity, and
gain high fuel yields.

This research is crucial to the world’s energy needs. The research gath-
ered in this compendium contributes to this vital field of investigation.

—Juan Carlos Serrano-Ruiz

Sustainable, economic production of second-generation biofuels is of
global importance. This is the basic premise of this book, and in chapter
1, Sekhon and Rahman summarize the facts for us: major technological
hurdles remain before we will have widespread conversion of non-food
biomass into biofuel. This requires multidisciplinary teams of scientists,
technologists, and engineers working together collaboratively to carry out
research that will underpin the generation and implementation of sustain-
able second-generation biofuels.

In Part 2, we move on to specific research. Sabinene, one kind of mono-
terpene, accumulated limitedly in natural organisms, is being explored as a
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potential component for the next generation of aircraft fuels. The demand
for advanced fuels impel Rowley and his colleagues to develop biosyn-
thetic routes for the production of sabinene from renewable sugar. In chap-
ter 2, they report their findings that sabinene was significantly produced
by assembling a biosynthetic pathway using the methylerythritol 4-phos-
phate (MEP) or heterologous mevalonate (MVA) pathway combining the
GPP and sabinene synthase genes in an engineered Escherichia coli strain.
Subsequently, the culture medium and process conditions were optimized
to enhance sabinene production with a maximum titer of 82.18 mg/L. Fi-
nally, the fed-batch fermentation of sabinene was evaluated using the opti-
mized culture medium and process conditions, which reached a maximum
concentration of 2.65 g/L with an average productivity of 0.018 gh™' g
dry cells, and the conversion efficiency of glycerol to sabinene (gram to
gram) reached 3.49%. This is the first report of microbial synthesis of sa-
binene using an engineered E. coli strain with the renewable carbon source
as feedstock. It establishes a green and sustainable production strategy for
sabinene.

Next, in chapter 3, Rana and colleagues investigate bioconversion of
lignocellulose by microbial fermentation. This is typically preceded by an
acidic thermochemical pretreatment step designed to facilitate enzymatic
hydrolysis of cellulose. Substances formed during the pretreatment of the
lignocellulosic feedstock inhibit enzymatic hydrolysis as well as microbial
fermentation steps. Their review focuses on inhibitors from lignocellulosic
feedstocks and how conditioning of slurries and hydrolysates can be used
to alleviate inhibition problems. Novel developments in the area include
chemical in-situ detoxification by using reducing agents, and methods that
improve the performance of both enzymatic and microbial biocatalysts.

Biodiesel and bioethanol, produced by simple and well-known trans-
esterification and fermentationtechnologies, dominate the current biofuel
market. However, their implementation in the hydrocarbon-based transport
infrastructure faces serious energy-density and compatibility issues. The
transformation of biomass into liquid hydrocarbons chemically identical
to those currently used in our vehicles can help to overcome these issues
eliminating the need to accommodate new fuels and facilitating a smooth
transition toward a low carbon transportation system. These strong incen-
tives are favoring the onset of new technologies such as hydrotreating and
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advanced microbial synthesis, which are designed to produce gasoline,
diesel, and jet fuels from classical biomass feedstocks such as vegetable
oils and sugars. In chapter 4, Jonsson and his colleagues provide a state-
of-the-art overview of these promising routes.

Xylan can be extracted from biomass using either alkali (KOH or
NaOH) or dimethyl sulfoxide (DMSO); however, DMSO extraction is the
only method that produces a water-soluble xylan. In chapter 5, DMSO
extraction of corn stover was studied at different temperatures with the ob-
jective of finding a faster, more efficient extraction method. The tempera-
ture and time of extraction were compared followed by a basic structural
analysis to ensure that no significant structural changes occurred under
different temperatures. The resulting data showed that heating to 70 °C
during extraction can give a yield comparable to room temperature extrac-
tion while reducing the extraction time by ~90 %. This method of heating
was shown to be the most efficient method currently available and was
shown to retain the important structural characteristics of xylan extracted
with DMSO at room temperature.

In chapter 6, my colleagues and I investigated the optimal process
conditions leading to high glucose yield (over 80 %) after wet explosion
(WEX) pretreatment and enzymatic hydrolysis. The study focused on de-
termining the “sweet spot” where the glucose yield obtained is optimized
compared to the cost of the enzymes. WEX pretreatment was conducted
at different temperatures, times, and oxygen concentrations to determine
the best WEx pretreatment conditions for the most efficient enzymatic hy-
drolysis. Enzymatic hydrolysis was further optimized at the optimal con-
ditions using central composite design of response surface methodology
with respect to two variables: Cellic® CTec2 loading [5 to 40 mg enzyme
protein (EP)/g glucan] and substrate concentration (SC) (5 to 20 %) at 50
°C for 72 h. The most efficient and economic conditions for corn stover
conversion to glucose were obtained when wet-exploded at 170 °C for 20
min with 5.5 bar oxygen followed by enzymatic hydrolysis at 20 % SC
and 15 mg EP/g glucan (5 filter paper units) resulting in a glucose yield
of 84 %.

Isoprenoids constitute the largest class of natural products with greater
than 55,000 identified members. They play essential roles in maintaining
proper cellular function leading to maintenance of human health and plant



Xviii Introduction

defense mechanisms against predators, and they are often utilized for their
beneficial properties in the pharmaceutical and nutraceutical industries.
Most impressively, all known isoprenoids are derived from one of two
C,-precursors, isopentenyl diphosphate (IPP) or dimethylallyl diphos-
phate (DMAPP). In order to study the enzyme transformations leading
to the extensive structural diversity found within this class of compounds
there must be access to the substrates. Sometimes, intermediates within
a biological pathway can be isolated and used directly to study enzyme/
pathway function. However, the primary route to most of the isoprenoid
intermediates is through chemical catalysis. In chapter 7, Jarchow-Choy
and her colleagues provide a thorough examination of synthetic routes to
isoprenoid and isoprenoid precursors with particular emphasis on the syn-
theses of intermediates found as part of the 2C-methylerythritol 4-phos-
phate (MEP) pathway. In addition, representative syntheses are presented
for the monoterpenes (C, ), sesquiterpenes (C ), diterpenes (C,), triter-
penes (C,)) and tetraterpenes (C,)). Finally, in some instances, the syn-
thetic routes to substrate analogs found both within the MEP pathway and
downstream isoprenoids are examined.

In chapter 8, Yang and Liu introduce the focus of Part 4: the role of ge-
netic engineering in the new biotechnologies. Metabolic process engineer-
ing (MPE) is a powerful technology that integrates the well-developed
process control techniques, such as precise bioreactor controllers and in
situ sensors, and advanced omics technologies. It enables the rational de-
sign of a bio-production process, and thus can lead to a highly efficient
fermentation process for biochemicals and biofuels production. Differ-
ent from the well-known traditional fermentation process development,
MPE targets to engineer the bio-production process by controlling the cell
physiology and metabolic responses to changes in fermentation process
parameters and incorporating the interplay between cell and process into
the rational process design. Yang and Liu focus on the application of MPE
to improve biochemicals and biofuels production via precise bioreactor
controllers, in situ sensors, and omics technologies.

Transgenic microalgae have the potential to impact many diverse bio-
technological industries, including energy, human and animal nutrition,
pharmaceuticals, health and beauty, and specialty chemicals. However, the
lack of well-characterized transformation vectors to direct engineered gene
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products to specific subcellular locations, and the inability to robustly ex-
press multiple nuclear-encoded transgenes within a single cell have been
major obstacles to sophisticated genetic and metabolic engineering in al-
gae. In chapter 9, Rasala and her colleagues validate a set of genetic tools
that enable protein targeting to distinct subcellular locations, and present
two complementary methods for multigene engineering in the eukaryotic
green microalga Chlamydomonas reinhardtii. The tools described will en-
able advanced metabolic and genetic engineering to promote microalgae
biotechnology and product commercialization.

The chemoautotrophic bacterium Ralstonia eutropha can utilize H,/
CO, for growth under aerobic conditions. While this microbial host has
great potential to be engineered to produce desired compounds (beyond
polyhydroxybutyrate) directly from CO?, little work has been done to de-
velop genetic part libraries to enable such endeavors. In chapter 10, Bi and
colleagues report the development of a toolbox for the metabolic engi-
neering of Ralstonia eutropha H16. They have constructed a set of broad-
host-range plasmids bearing a variety of origins of replication, promoters,
5’ mRNA stem-loop structures, and ribosomal binding sites. Specifically,
they analyzed the origins of replication pCM62 (IncP), pBBR1, pKT
(IncQ), and their variants. They tested the promoters PBAD, T7, Pxyls/
PM, PlacUVS5, and variants thereof for inducible expression. They also
evaluated a T7 mRNA stem-loop structure sequence and compared a set of
ribosomal binding site (RBS) sequences derived from Escherichia coli, R.
eutropha, and a computational RBS design tool. Finally, the authors em-
ployed the toolbox to optimize hydrocarbon production in R. eutropha and
demonstrated a 6-fold titer improvement using the appropriate combina-
tion of parts. They constructed and evaluated a versatile synthetic biology
toolbox for Ralstonia eutropha metabolic engineering that could apply to
other microbial hosts as well.

Heterogeneous photocatalysis has become a comprehensively studied
area of research during the past three decades due to its practical interest in
applications including water—air depollution, cancer therapy, sterilization,
artificial photosynthesis (CO, photoreduction), anti-fogging surfaces, heat
transfer and heat dissipation, anticorrosion, lithography, photochromism,
solar chemicals production, and many others. The utilization of solar ir-
radiation to supply energy or to initiate chemical reactions is already an
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established idea. Excited electron—hole pairs are generated upon light ir-
radiation of a wide-band gap semiconductor, which can then be applied
to solar cells to generate electricity or in chemical processes to create/
degrade specific compounds. While the field of heterogeneous photocatal-
ysis for pollutant abatement and mineralisation of contaminants has been
extensively investigated, a new research avenue related to the selective
valorization of residues has recently emerged as a promising alternative
to utilize solar light for the production of valuable chemicals and fuels.
The review in chapter 11 focuses on the potential and applications of solid
photonanocatalysts for the selective transformation of biomass-derived
substrates.

In chapter 12, Das and El-Safty explore the nanoassembly of nearly
monodisperse nanoparticles (NPs) as uniform building blocks to engineer
zirconia (ZrO,) nanostructures with mesoscopic ordering by using a tem-
plate as a fastening agent. They investigate mesophase of the materials
through powder X-ray diffraction and TEM analysis (TEM) and N, sorp-
tion studies. The TEM results revealed that the mesopores were created
by the arrangement of ZrO, NPs with sizes of 7.0-9.0 nm and with broad
interparticle pores. Moreover, the N, sorption study confirmed the results.
The surface chemical analysis was performed to estimate the distribution
of Zr, O, and S in the sulfated ZrO, matrices. The materials in this study
displayed excellent catalytic activity in the biodiesel reaction for effec-
tive conversion of long-chain fatty acids to their methyl esters, and the
maximum biodiesel yield was approximately 100%. The excellent hetero-
geneous catalytic activity could be attributed to the open framework, large
surface area, presence of ample acidic sites located at the surface of the
matrix, and high structural stability of the materials. The catalysts revealed
a negligible loss of activity in the catalytic recycles.

Finally, in chapter 13, Feyzi and colleagues investigate the transesteri-
fication reaction over the PW O, /Fe-SiO, catalyst prepared, using sol-gel
and impregnation procedures in different operational conditions. Experi-
mental conditions were varied as follows: reaction temperature 323—
333K, methanol/oil molar ratio=12/1, and the reaction time 0-240 min.
The H,PW O, heteropolyacid has recently attracted significant attention
due to its potential for application in the production of biodiesel, in ei-
ther homogeneous or heterogeneous catalytic conditions. Although fatty
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acids esterification reaction has been known for some time, data is still
scarce regarding kinetic and thermodynamic parameters, especially when
catalyzed by nonconventional compounds such as H.PW O, . This kinetic
study utilizing Ge-Mas in situ allows for evaluating the effects of opera-
tion conditions on reaction rate and determining the activation energy
along with thermodynamic constants including G, S, and H. The authors’
results indicate that the PW O, /Fe-SiO, magnetic nanocatalyst can be
easily recycled with a little loss by magnetic field and can maintain higher

catalytic activity and higher recovery even after being used five times.
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THE PREMISE






CHAPTER 1

Synthetic Biology: A Promising
Technology for Biofuel Production

KAMALJEET KAUR SEKHON ano PATTANATHU K. S. M. RAHMAN

With the increasing awareness among the masses and the depleting natural
resources and oil reservoirs, a replacement for the fossil fuels is urgently
required. There are rising global concerns about climate change and ener-
gy security. The current biofuel production trends are no doubt promising
and increasing steadily. The biofuel markets are getting bigger and better
in the European Union, USA, Brazil, India, China and Argentina and con-
tributing to their bio-economies, respectively. In the US, biodiesel produc-
tion exceeded 1 billion gallons in 2012 and reports claim that the global
biofuels market will touch the figure of $185 billion in 2021. However the
big question is: will the current biofuel production rate be able to meet the
escalating transportation fuel demands?

Synthetic Biology: A Promising Technology for Biofuel Production. © 2013 Sekhon KK, et al. Journal
of Petroleum and Environmental Biotechnology 4:e/21. doi: 10.4172/2157-7463.1000e121. Creative
Commons Attribution License. Used with permission of the authors.



4 New Biotechnologies for Increased Energy Security: The Future of Fuel

The total estimated generation of biomass in the world is 150 billion
tons annually. Increase in the production of biofuels in the recent years and
the usage of edible commodities like maize, sugarcane and vegetable oil
has led to the worldwide apprehension towards the future of biofuels and
to the ‘food vs fuel’ debate. The second generation biofuels, however, are
produced from renewable, cheap and sustainable feed-stocks for example
citrus peel, corn stover, sawdust, bagasse, straw, rice peel and are attract-
ing ever-increasing attention. A great deal of research, by the scientific
community, is carried out in various parts of the world in order to improve
the yield of second generation biofuels to meet the future demands but
hasn’t achieved any remarkable success.

Sustainable, economic production of second generation biofuels is of
global importance. However, major technological hurdles remain before
widespread conversion of non-food biomass into biofuel. Various multi-
disciplinary teams of scientists, technologists and engineers work together
collaboratively in integrated teams to carry out research that underpins the
generation and implementation of sustainable second generation biofuels
from algal biomass using biological processes. The advantages of algal
biomass from both micro and macroalgae as a raw material for produc-
ing biofuels have been well recognised for decades. Billions of tonnes of
algal biomass are enzymatically converted into food energy by marine
and freshwater animals and microbes every day, in a sustainable manner.
However, the industrial, enzyme driven conversion of such biomass for
bioenergy applications is still in its infancy.

The production of commercially attractive biofuels using enzymatic
methods, all the same, is not as easy as it appears. The various polysac-
charides viz. cellulose, starch, lignin, hemicellulose, or lignocelluloses
need to be enzymatically degraded for their transformation into glucose
or sugar molecules which in turn are fermented into biofuels (bioethanol
or biobutanol). In case of cellulose, the process of cellulolysis involves
enzymes like cellulases and glucosidases. Cellulases are expensive, un-
stable and slow in action; therefore they increase the overall economics
of the process of cellulolysis and hence biofuel production. The bulk pro-
duction of cellulases at industrial level seems to be the relevant solution.
The microbes that produce cellulases include symbiotic anaerobic bacteria
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(e.g. Cellulomonasfimi, Clostridium thermocellum, Clostridium phytofer-
mentans, Thermobifidafusca) found in ruminants such as cow and sheep,
flagellate protozoa present in hindguts of termites, and filamentous fungi
isolated from decaying plants (e.g. Hypocreajecorina, Thermoascusau-
rantiacus, Phanerochaetechrysosporium, Neurosporacrassa, Tricoderma-
reesei, Asperigillusniger, Fusariumoxysporum). The gene(s) responsible
for cellulase production are characterized, isolated and recombinantly
introduced into Escherichia coli for the enhanced cellulase expression
levels.

Apart from the conventional biotechnology methods for biofuel pro-
duction, synthetic biology has shown promising results lately. Understand-
ing the DNA sequences, precisely measuring the gene behaviour paves
way for fabricating or synthesizing the cellulase gene de novo. To put it in
simple words, synthetic biology is a science of designing and construct-
ing new biological parts, devices and systems for programming cells and
organisms and endowing them with novel functions. It is a technique of
writing the DNA / genetic code base by base using several computational
tools and software’s like Gene designer, GenoCAD, Eugene and Athena
to name a few. Gene designer is a DNA design tool for de novo assembly
of genetic constructs, GenoCAD is a computer-assisted-design application
for synthetic biology for designing complex gene constructs and artificial
gene networks, Eugene is a language designed to develop novel biological
devices and Athena is a CAD / CAM software for constructing biologi-
cal models as modules. These synthetic biology approaches can be useful
in bringing down the cost of cellulases and, thereby, of biofuels. Several
companies are spending a fortune on the production of bioethanol for ex-
ample; Amyris Biotechnologies, Verenium, logen, Bioethanol Japan, Mas-
coma, POET, SolixBiofuels, Pacific Ethanol, NextGen Fuel Inc. and Jatro
Diesel. However, the cost-effective production of the second generation
biofuels is still a cherished desire of the scientific community.

Synthetic biology is an evolving field still dealing with the inherent
complexity of biological systems and overcoming the biosafety issues
involved with engineering the living systems. Indeed the proliferation
of the computer modelling tools is leading to the revolution of this dis-
cipline which might write the success story of some of the present and
future scientific challenges.
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CHAPTER 2

Efficient Extraction of Xylan from
Delignified Corn Stover Using
Dimethyl Sulfoxide

JOHN ROWLEY, STEPHEN R. DECKER, WILLIAM MICHENER, anD
STUART BLACK

2.1 INTRODUCTION

Biofuels are becoming more widespread throughout the United States as
more advanced conversion methods become available. The most advanced
process currently is the conversion of lignocellulosic biomass into ethanol
(Kim et al. 2009). Despite having much larger production potential than
starch-based ethanol, lignocellulosic ethanol is still in the early stages. The
conversion of biomass sugars into biofuels is an important aspect of the
Department of Energy’s mission to promote the integration of renewable
fuels and is a key component in the worldwide move towards renewable
energy. Before additional progress can be made, it is desirable to under-
stand in detail the mechanisms that occur during the biomass to biofuel
conversion process.

Efficient Extraction of Xylan from Delignified Corn Stover Using Dimethyl Sulfoxide. Copyright ©
The Author(s) 2013. 3 Biotech. 2013 Oct; 3(5): 433-438. doi: 10.1007/s13205-013-0159-8. Creative
Commons Attribution License (http://creativecommons.org
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Biomass is made up of three components: cellulose, hemicellulose
and lignin. Xylan, a prevalent plant cell wall polymer made up of mostly
xylose, is of particular interest as the dominant plant cell wall hemicel-
lulose (Ebringerova et al. 2005). One of the challenges associated with
the efficient production of biofuels involves the selective removal and/
or hydrolysis the polymeric xylose backbone of xylan. During neutral or
acidic thermochemical pretreatment of biomass, xylan is removed from
the biomass and broken down into xylose, arabinose, and a few other mi-
nor components such as acetic acid (Naran et al. 2009).

To better understand the mechanism of thermochemical and enzymatic
removal of xylan, it is useful to develop antibodies capable of tagging
xylan in biomass. Antibodies can be tagged with fluorescent dyes, allow-
ing the location of the xylan in biomass to be tracked either optically or
spectrophotometrically prior to and following pretreatment. By identify-
ing the location of the xylan, the pretreatment process and the subsequent
fermentation process can be tailored to improve ethanol production. An-
tibody tagging can be very beneficial in understanding the mechanism of
xylan removal, however, to create specific antibody tags, a native-like
xylan is desirable. Many extraction methods result in degradation or de-
acetylation of the xylan resulting in a non-native, water-insoluble product,
which could potentially produce antibodies with non-useful specificity, as
specific side groups are missing. Dimethyl sulfoxide (DMSQO) extractions
have been found to result in a water-soluble form of xylan, which retains
the acetyl groups present in the native state (Hagglund et al. 1956). This
native-like xylan is more likely to result in production of antibodies spe-
cific to the native structures found in xylans in situ in the cell wall.

In this study, a DMSO extraction of xylan in corn stover was studied at
varying temperatures of extraction to determine an ideal temperature for
efficient extraction.

When extracting xylan from biomass with DMSO, a pretreatment of
the sample is necessary to open the cell structure and allow the polymeric
xylans freedom to be extracted. Owing to the coupling between xylan and
lignin, xylan is intractable until much of the lignin has been removed or
these connections severed. Decoupling of xylan from lignin is important
in accessing xylan in biomass, but complete removal of lignin will re-
sult in loss of xylan from the sample (Ebringerova et al. 2005). Multiple
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delignification procedures exist for the removal of lignin from corn sto-
ver, however, acid-chlorite bleaching was found to be the most efficient
method of delignification without excessive de-acetylation of the xylan
(Ebringerova et al. 2005).

Following delignification, xylan is extracted from the sample. Often
xylan is extracted with KOH or NaOH (Ebringerova and Heinze 2000).
However, this method results in de-esterification of the acetyl groups pres-
ent on the xylan (via saponification of the ester links), leading to a water
insoluble product which has limited utility for antibody production and
as a substrate for hemicellulase assays. Therefore, in this study, xylan
was removed by DMSO extraction to retain the acetyl groups, resulting
in a water-soluble product. The extraction was first performed at room
temperature, following the method proposed by Héagglund et al. (1956)
in 1956. This method is carried out by stirring the biomass in DMSO for
approximately 24 h at room temperature. A series of extractions was then
performed at higher temperatures (70 °C and at 40 °C) with variable times
of extraction. The yields resulting from the extractions were compared
and, including the time required to perform each extraction, the most ef-
ficient method of extraction was determined.

Further analysis was performed on each sample to determine the con-
tent of the yield acquired through extraction and to ensure that no sig-
nificant structural changes took place under heated conditions. Infrared
spectroscopy and QToF MS analysis was used to determine the general
structural features and to ensure that no de-esterification or de-polymer-
ization took place during the heated extractions.

2.2 METHODS

2.2.1 DELIGNIFICATION OF BIOMASS

Approximately 300 g of milled corn stover was extracted in a polypro-
pylene thimble using a Soxhlet extractor following NREL’s Determina-
tion of Biomass Extractives Laboratory Analytical Procedure (Sluiter et
al. 2008). The NREL procedure is a two-step procedure carried out in a
Soxhlet extractor. All extractions are carried out at the reflux temperature
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of the solvent used and at ambient pressure. Each extraction is performed
until little to no color is present in the extraction chamber. Depending on
the nature of the material, this takes between 18 and 48 h for each step.
The first extraction was performed with de-ionized (DI) water to remove
accessible water-soluble compounds. A second extraction was performed
using ethanol to remove lipids and other extractables. The solid sample
was air-dried following ethanol extraction prior to delignification.

Delignification was carried out in double bagged one gallon plastic
zipper closure bags by adding water to the approximately 100 g of air-
dried, extracted biomass at a biomass/water consistency of 10 %. Approxi-
mately, 40 g of sodium chlorite (NaClO,) was added to the mixture and
the bag was mixed well followed by a 5 mL addition of concentrated hy-
drochloric or glacial acetic acid. A smaller volume of hydrochloric acid is
needed to sustain the reaction. The bag was closed and heated in a 60 °C
water bath in a fume hood for approximately 3 h. Regular venting of the
bag was required to relieve pressure in the bag and prevent reaching too
high a concentration of ClO,. If the concentration of chlorine dioxide in
the atmosphere of the bag or any bleaching vessel is too high, a “puff” can
result from the decomposition of the chlorine dioxide. A “puff” is a term
coined within the pulping industry to differentiate a low speed detonation
wave of <1 m/s from an explosion wave (>300 m/s). Plastic zipper bags
will open in the event of a puff releasing the gas without creating a debris
hazard (Fredette 1996).

Once every hour, an additional 40 g of NaClO, was added to the bag
until the total amount was approximately 0.70 g NaClO, /g biomass.
The remaining liquid was filtered from the solids and the solid biomass
was thoroughly washed with DI water and lyophilized prior to DMSO
extraction.

2.2.2 DMSO EXTRACTION

A 1 L electrically heated reaction flask fitted with an overhead mechani-
cal stirrer was used for all extractions. Approximately 50 g of delignified
corn stover was added to a flask and extracted with DMSO using a ratio of
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approximately 14 mL/g biomass at room temperature with stirring at 20
rpm for a specified time. The solid was filtered and extracted a second time
with DMSO for the same time period. The solid was filtered and washed
thoroughly with ethanol to remove residual DMSO and extracted xylan.
The ethanol filtrate was reserved for the precipitation step. The DMSO
extracts were combined and absolute ethanol was added to the DMSO
extract (3.8 L ethanol/L of final extract). Concentrated hydrochloric acid
(HC1) was added in a ratio of approximately 0.66 mL HCI/L of ethanol/
DMSO solution to precipitate the xylan from the DMSO/ethanol mixture.
The solution was cooled at 4 °C overnight to complete precipitation. The
cold solution was filtered though paper filter (Whatman Grade 1). The
filter paper and isolated xylan were macerated, washed with ethanol and
stirred overnight in a small amount of ethanol. Ethanol was filtered from
the solid xylan and macerated paper filter. The resulting filter cake was
stirred overnight with fresh ethanol to remove as much DMSO as possible
and filtered. The filter cake was further washed with diethyl ether with
overnight stirring to remove any remaining ethanol and DMSO. The xylan
was dissolved away from the macerated paper fibers in warm water (30
°C), filtered with small amounts of water added for washing and lyophi-
lized.

The DMSO extraction was carried out at 20, 40 and 70 °C according
to the conditions shown in Table 1. Extractions at 40 and 70 °C were per-
formed in duplicate. Extraction at 20 °C was a single extraction.

TABLE 1: The conditions for four subsequent extractions at temperatures above room
temperature.

Temperature (°C) Time (h) Number of extractions
70 2 2
70 2 1
70 1 2
40 4 2
30 24 2

The time noted above represents the duration of each extraction
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2.2.3 SAMPLE ANALYSIS

The final products were analyzed qualitatively by their water solubility
and for yield from the bleached material by mass. The methods were com-
pared according to yield and time efficiency. Samples were analyzed on
a Thermo Scientific Nicolet 6700 FTIR Spectrometer fitted with a Smart
iTR diamond cell and a DTGS detector. Samples were scanned for 150
scans and compared to previously isolated and analyzed samples (Ebring-
erova et al. 2005).

Two samples, one extracted at room temperature, and the other at 70
°C, were prepared in a 50/50 solution of H2O/acetonitrile in 0.2 % formic
acid. Each sample was directly infused into a Micromass Q-ToF micro
(Micromass, Manchester, UK) quadrupole time of flight mass spectrom-
eter with a 250 pL. Hamilton gastight syringe (Hamilton, Reno, NV, USA)
at a flow rate of 5 pL/min. Spectra were obtained in positive MS mode
from a mass range of 600—1,500 m/z and processed by Masslynx data
system software (Micromass, Manchester, OK). In positive-ion MS mode,
cone voltage was set at 30 volts and capillary at 3,000 volts. Both cone
and desolvation gas flows were optimized at 10 and 550 L/h, respectively.
Source and desolvation temperatures were set at 100 and 250 °C. Sample
mass spectra were collected for 2 min to ensure adequate signal levels.
Mass calibration was performed using a solution of 2 pmol/uL of sodium
rubidium iodide solution. The calibration mix was collected for 2 min and
summed.

2.3 RESULTS

Figure 1 shows the percent yield for each of the extracted samples. Anal-
ysis of the yield for the different methods indicates that heating during
the extraction process results in no significant loss of recovery. It is also
evident that much less time is needed for extraction when the DMSO is
heated during extraction compared to a room temperature extraction. At
room temperature, two sequential extractions, each lasting a full 24 h, are
necessary and resulted in a xylan/delignified biomass yield of 8.7 %. Upon
heating to 70 °C and decreasing the extraction time to only 2 h, the yield
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was 8.6 = 0.2 %. Even when the extraction time was decreased to 1 h for
a sample heated to 70 °C, the loss in yield was not found to be particularly
large (7.6 + 0.6 %). However, a significant loss in yield was found when
the sample was extracted only once with DMSO. The percent yield did
not drop significantly when the sample was heated to 40 °C, but a longer
extraction time was necessary (Fig. 1).

Percent Yield per Extracted Sample
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Sample Description

Percent Yield (from original starting biomass)

FIGURE 1: % yield of xylan extracted from bleached material. Descriptors of each sample
are temperature (# replicates x time of extraction for each replicate); RT room temperature.

By infrared spectroscopy, there is little structural difference between
the heated and room temperature extractions. Figure 2 compares corn sto-
ver xylan extracted using DMSO and a commercial oat spelt xylan (Fluka)
extracted under alkaline conditions. The commercial xylan has no signal
for the acetate ester present in the DMSO xylans at ~1,700 and ~1,300/cm
which are the well-known carbonyl and ester linkage absorbance bands
for the acetyl groups. The commercial xylan shows a slight absorbance at
1,500/cm which is indicative of residual lignin. The DMSO extracted lig-
nin does not have an absorbance in this region. This would indicate that no
either no residual lignin was present following acid chlorite delignification
or that no water soluble lignin was present in the isolated xylan following
lyophilization.
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FIGURE 2: IR-spectra of xylan samples. The black spectrum is of the DMSO extracted
xylan. The gray spectrum is of a commercial oat xylan sample extracted with alkaline
conditions. The peaks at 1,735 and 1,235/cm are indicative of carbonyl and ester linkage,
respectively, of the acetyl groups on the xylan polymer.

When comparing (Fig. 3) the two DMSO extracted corn stover xylans,
it is clear that heating during the DMSO extracting process does not influ-
ence the structure in a significant way. The expected peaks are present for
the DMSO extracted sample indicating the presence of an ester group.

Both the room temperature- and 70 °C-extracted samples were water
soluble, providing further evidence of the presence of acetyl groups on the
isolated xylans, as acetylation is known to provide for water solubilization
of xylans (Grondahl and Gatenholm 2005; Gabrielii et al. 2000). Figure 4
shows the mass spectra comparison between xylan extracted at room tem-
perature and xylan extracted at 70 °C. The MS spectra collected from each
sample shows a degree of polymerization range of 4-9 residues, indicative



Efficient Extraction of Xylan from Delignified Corn Stover Using Dimethyl Sulfoxide 17

0.203

0.18

0.16

0.144

0.12

0.10

Absorbance

0.08]
0.06

0.04

0.02

0.00}

1800 1600 1400 1200 1000 800
Wavenumbers (cm-1)

FIGURE 3: IR-spectra of two extracted xylan samples. The black line is the spectrum of
the DMSO extracted sample extracted at 70 °C. The gray line is the spectrum for a corn
stover extracted xylan at room temperature.

of the limitations of the ESI technique, rather than the actual DP of the
sample materials. Low MW xylo-oligomer standards (DP 2—4) showed no
fragmentation at the voltages used in this study (data not shown), indicat-
ing that the ions detected in the samples are generated during the sample
preparation and remain with the soluble fraction during purification, not as
artifacts of MS fragmentation. There are slight differences in the two spec-
tra, specifically with intensities seen at varying masses with the relative
abundance. The spectra show that a high number of the masses associated
with each sample are present in the other. It is clear from the fragments
in the spectra that the two xylan samples are structurally very similar,
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supporting the analysis from the IR instrument, and showing that no sig-
nificant structural changes occurred when xylan was extracted at a higher
temperature. Elucidation of the structure of the isolated xylans may be
found in our previous work (Naran et al. 2009) and was not attempted in
this study, which is primarily aimed at developing a faster, easier method
for obtaining native xylans.

2.4 DISCUSSION

Drawing from these results, it can be concluded that heating during an ex-
traction can increase the efficiency of a xylan extraction. A heated extrac-
tion requires much less time than an extraction done at room temperature.
It also must be mentioned that while further study is needed, these prelimi-
nary results predict that the number of extractions (proportional to the total
volume of DMSO used) does impact that percent yield. The conclusion
that percent yield is increased upon heating is not supported by this study,
however, further analysis can be done to confirm this prediction. These
results strongly indicate that the yield obtained under heated conditions
is comparable to that of an unheated extraction and requires significantly
less time to extract (~9 % of the total time required to extract an unheated
sample). Further, it must also be said that heating during the extraction
process within the temperature range studied here does not change the
xylan structure. The product is not de-esterified during the process and
remains water soluble. Furthermore, no significant or obvious structural
changes were observed when comparing heated samples to non-heated
samples (Figs. 3, 4).

The efficiency of xylan extraction with DMSO can be greatly improved
if the samples are heated during extraction. The percent yield resulting
from an extraction performed at 70 °C for 2 h with multiple extractions
is comparable to the yield at room temperature with two 24 h extractions.
Provided that no de-esterification of the xylan results from heating the
sample as shown in Fig. 3, heating increases the efficiency of the extrac-
tion. From this study, it was determined that the most efficient method of
extraction is the following: two 70 °C extractions each lasting 2 h. This
method provided a yield of 8.6 + 0.2 % which is considered to be sufficient
for the purposes of this study
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FIGURE 4: Combined mass spectra for xylan extracted at room temperature (top) and 70 °C (bottom). The combination of the spectra shows
that the two samples are structurally the same.
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CHAPTER 3

Process Modeling of Enzymatic
Hydrolysis of Wet-Exploded
Corn Stover

VANDANA RANA, DIWAKAR RANA, anp BIRGITTE K. AHRING

3.1 INTRODUCTION

Corn stover is abundantly available in the Midwest of USA and can be
an excellent feedstock for biofuel production because of its lower lignin
content compared to woody biomass. The commercial viability of biore-
fineries based on corn stover has been burdened by the use of expensive
enzymes needed to hydrolyze the biomass material after pretreatment [1,
2]. It has been well established that producing higher concentration of
sugars is an absolute necessity in an industrial setting as it lowers the heat-
ing requirements (lowering operating cost) and increases the volumetric
efficiency (lowering capital cost) of the equipment [3]. Therefore, lower-
ing the enzyme input and increasing the dry matter content during enzyme
hydrolysis for higher cellulose conversion would be one of the most sig-
nificant steps towards the direction of bioethanol production cost reduc-

Process Modeling of Enzymatic Hydrolysis of Wet-Exploded Corn Stover. © 2013 Jonsson et al.;
licensee BioMed Central Ltd. Biotechnology for Biofuels 2013, 6:16 (doi:10.1186/1754-6834-6-16).
Creative Commons Attribution License (http.//creativecommons.org/licenses/by/2.0).
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tion and eventually leading to the commercialization of second-generation
biorefineries based on the lignocellulosic feedstock.

Several researchers have worked on using corn stover for bioetha-
nol production. Kaar et al. [4] used lime pretreatment followed by enzy-
matic hydrolysis at 5 % substrate concentration (SC) and 20 filter paper
units (FPU) (Spezyme CP and Novozym 188) and obtained 60 % cel-
lulose conversion. Kim et al. [5, 6] introduced ammonia recycle percola-
tion pretreatment followed by enzyme hydrolysis at 1 % SC and 10 FPU
[Spezyme CP and B-glucosidase (Sigma)] and obtained 92 % cellulose
conversion. This concentration of solids will, however, be far from an in-
dustrial process. Bura et al. [7] used SO,-catalyzed pretreatment followed
by enzyme hydrolysis at 8 % SC and 10 FPU (Spezyme CP, Novozym
188, and Multifect® Xylanase) and obtained 100 % cellulose conversion.
However, again, the solid concentration was far lower than that needed
for operating any industrial process. Using chemicals such as sulfur could
further affect the downstream processing of products; for instance, sulfur
will be attached to the solid fraction that remained after sugar extraction
[8]. Recently, Yang et al. [9] used steam explosion pretreatment followed
by enzyme hydrolysis at 25 % SC and 20 FPU (Celluclast) and obtained
85 % cellulose conversion. Even though this study achieved high glucose
concentrations, the amount of enzymes used was higher, affecting the ap-
plicability of the process.

In this work, we will investigate the most efficient and cost-effective
process conditions for producing sugars from corn stover using wet explo-
sion (WEX) pretreatment, which only require oxygen and heat to open the
structure of the biomass and which can operate at high SC [10, 11]. Our
focus will be on finding the optimal conditions producing high yields of
glucose while keeping the enzyme dose low—the “sweet spot.” As a first
step, screening of WEX pretreatment will be performed to find the best
pretreatment condition, which will be used for the optimization of enzy-
matic hydrolysis. The second step will be central composite design (CCD)
to generate response surface, model fitting, and prediction of optimum pa-
rameters for enzymatic hydrolysis of WEx corn stover. The third step will
be a scale-up study of enzymatic hydrolysis at optimized condition from
lab scale to 100-L pilot scale. In addition, we will evaluate the process
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economics for determining the minimum enzyme dose, which still can
support a biorefinery with corn stover as raw material.

3.2 MATERIALS AND METHODS

3.2.1 PREPARATION OF BIOMASS

Corn stover with a particle size of approximately quarter inch was kindly
provided by Iowa State University, Ames, 1A, USA. Before pretreatment,
corn stover was milled to 2-mm particle size with a Retsch cutting mill SM
200 (Retsch Inc., PA, USA) and kept at room temperature. A portion of
corn stover was milled to 1-mm particle size for the compositional analy-
sis. The compositional analysis was performed in duplicates. The moisture
content of the raw corn stover was found to be 8 %.

3.2.2 EXPERIMENTAL APPROACH

Figure 1 shows the experimental setup used in the present study. The
milled corn stover was pretreated using WEx at 12 different pretreatment
conditions with varying temperatures (160 to 180 °C), residence time (15
to 25 min), and oxygen pressure (2 to 6 bar). In order to investigate the
efficiency of pretreatment, enzymatic digestibility test was conducted with
Cellic® CTec2 (40 mg enzyme protein (EP)/g glucan) on all 12 pretreat-
ment slurries. Sugars, sugar degradation products, and other fermenta-
tion inhibitors [hydroxymethylfurfurals (HMFs), furfural, and acetate]
released during pretreatment or after enzymatic hydrolysis were analyzed
using high-performance liquid chromatography (HPLC). Based on the
sugar yield and the concentration of inhibitors, the optimal pretreatment
condition was determined and used for finding the minimal enzyme dose
needed for obtaining at least 80 % of the potential cellulose conversion
from the biomass. This selected pretreatment was referred as the platform
WEX pretreatment.

The enzymatic hydrolysis study to optimize the enzyme dosage was
performed in shake flasks on the platform WEx-pretreated sample using
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FIGURE 1: Schematic of experimental methodology. The line number is shown within the
circle and indicates the step order.

varying SCs (5 to 20 %) and enzyme loading (5 to 40 mg EP/g glucan).
Test of two parameters resulted in 14 experimental runs. The amount of
free sugars released after these 14 enzymatic hydrolysis runs was analyzed
using HPLC. Response surface methodology (RSM) was adopted to deter-
mine the optimal hydrolysis condition. Finally, the results for the optimal
enzyme dose study were checked in a 100-L pilot-scale test at the optimal
conditions (SC and enzyme loading) and the effect on the ultrastructure
was followed using scanning electron microscopy to evaluate the changes
done to the biomass during enzymatic hydrolysis. Finally, we analyzed the
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process economics to substantiate the effect of optimization study on the
overall cost reduction of ethanol.

3.2.3 MEASUREMENT OF PROTEIN
ASSAY AND CELLULASE ACTIVITY

The protein concentration of Cellic® CTec2 (kindly provided by Novo-
zymes, Franklinton, NC, USA) was determined using standard Pierce®
BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). The
protein concentration in Cellic® CTec2 was measured as 210 mg/mL of
enzyme. Filter paper activity of Cellic® CTec2 was measured according
to enzyme activity assay [12]. The cellulolytic activity of concentrate was
determined as 74 FPU/mL.

3.2.4 SELECTION OF PLATFORM
WEx PRETREATMENT PARAMETERS

3.2.4.1 WEx PRETREATMENT OF CORN STOVER

Corn stover was pretreated by WEX in a pilot plant at Washington State
University as previously described [13]. The 12 different conditions used
for the WEX pretreatment are shown in Table 1. Corn stover samples re-
sulting from these pretreatment conditions are designated as CS-1 through
CS-12. The 10-L WEX reactor was loaded with raw corn stover and water
in proportions resulting in a total slurry of 5 kg with 25 % SC. After clos-
ing the reactor, oxygen was introduced into the reactor at pressures ranging
from 2 to 6 bar. After introducing the oxygen, the pretreatment reactor was
heated to temperatures varying from 160 to 180 °C with residence times
at the desired temperature between 15 and 25 min (heating time, about 5
min). At the end of pretreatment reaction time, the pretreated biomass was
flashed into a 100-L flash tank. The slurry was used for the optimization
of enzymatic hydrolysis experiment (“Hydrolysis Testing”), and a small
portion of the slurry was kept for solid and liquid analysis.
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TABLE 1: Pretreatment conditions for WEx of 25 % DM used in the present study.

Sample Reaction temperature Residence time (min) Oxygen pressure (bar)

number (°C)
CS-1 160 15 4
CS-2 160 20 2
CS-3 160 20 6
CS-4 160 25 4
CS-5 170 15 2
CS-6 170 15 6
CS-7 170 20 4
CS-8 170 20 5.5
CS-9 170 25 2
CS-10 180 15 4
CS-11 180 20 2
CS-12 180 20 6

3.2.4.2 HYDROLYSIS TESTING

The pretreated slurries from 12 different runs were hydrolyzed using Cel-
lic® CTec2 with 40 mg EP/g glucan to investigate the maximum digest-
ibility. A total of 50 g of well-mixed pretreated slurry with 25 % SC was
taken for enzymatic hydrolysis. The enzymatic hydrolysis of the pretreat-
ed samples was performed at pH 5 and 50 °C for 72 h in 125-mL shake
flasks. In order to overcome the mixing challenges of 25 % SC in the
Erlenmeyer shake flasks, the pretreated samples were diluted to 20 % SC
using 0.1 M sodium citrate buffer. Maximum care was taken to ensure that
the solid/liquid ratio was maintained during sampling using intense mix-
ing. The pretreated sample with the highest sugar concentration and the
minimal concentration of sugar degradation products was selected for the
enzymatic hydrolysis optimization studies. Experiment for the enzyme op-
timization was then designed as described in “Optimization of Enzymatic
Hydrolysis.”
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The glucose yield is determined by Eq. (1) as described below:

(Glugy,, )
%Yield = x 100 (1
Yield = For X (ini. s0]) M

where (GIuEH,L) is the glucose concentration (grams per liter) in enzy-
matic hydrolyzate liquid, FcelluloseRB is the fraction of cellulose in the
raw biomass as determined by compositional analysis, and (ini.sol) is the
initial solid concentration (grams per liter) at which the enzymatic hydro-
lysis was performed.

3.2.5 OPTIMIZATION OF ENZYMATIC HYDROLYSIS

A 22 central composite design was used to optimize the enzymatic hy-
drolysis conditions. The statistical software Minitab (version 6.0, Minitab
Inc., PA, USA) was used to generate the design of experiment, perform the
statistical analysis, and develop the regression model. An enzyme loading
of 5 to 40 mg EP/g glucan and SC 5 to 20 % were chosen as the inde-
pendent variables. Fourteen experimental runs with six center points were
conducted to evaluate the effect of enzyme loading and SC on glucose
yield after enzymatic hydrolysis. Table 2 shows the design matrix and glu-
cose yield response of the experiment. Data obtained from experimental
runs were then analyzed according to the response surface regression and
then fit to a second-order polynomial equation (Eq. (2)).

n n n-1 n
Yi= Bo + Z.BiXi‘l' Z.BiiXiz +Z Z Bij XiX;  (2)
=2 =2

i=1 j=i+1

where Y i is the response value, B 0 is the constant coefficient, § i is the lin-
ear coefficients, B ij (i and j) is the interaction coefficients, B ii is the qua-
dratic coefficients, and y i is the variables. Analysis of variance (ANOVA)
was used to estimate the significance of single factors, factors' square, and
interaction of factors. The relationship between dependent and indepen-
dent variables was further determined by the response surface plot.
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TABLE 2: Design of experiments for determining the optimal conditions of enzymatic
hydrolysis using response surface methodology with predicted and experimental response.

Run order Variables Coded levels Experimental Predicted
TS (%) Protein 71 12 glucose yield (%) glucose
(mg/g glucan) yield (%)
x 1 x2
EH-1 5.00 5.00 -1 -1 58.13 57.54
EH-2 20.00 5.00 1 -1 62.14 61.47
EH-3 5.00 40.00 -1 1 77.12 78.90
EH-4 20.00 40.00 1 1 100.00 101.70
EH-5 12.50 22.50 0 0 87.21 90.28
EH-6 12.50 22.50 0 0 89.11 90.28
EH-7 12.50 22.50 0 0 90.07 90.28
EH-8 5.00 22.50 -1 0 84.41 83.22
EH-9 20.00 22.50 1 0 97.62 96.59
EH-10 12.50 5.00 0 -1 60.78 62.04
EH-11 12.50 40.00 0 1 96.31 92.83
EH-12 12.50 22.50 0 0 89.75 88.13
EH-13 12.50 22.50 0 0 91.68 88.13
EH-14 12.50 22.50 0 0 85.18 88.13

3.2.6 ANALYTICAL METHODS

A portion of the slurries obtained after WEx pretreatment and enzymatic
hydrolysis were separated into solid and liquid fractions using a bench-
top centrifuge (Eppendorf, Model 5804, 8,000 rpm, 10 min). The liquid
portion was then decanted and filtered through a 0.45 pum syringe filter,
and solids were washed and dried at 30 °C for 48 h. Free sugars in the lig-
uid portion were analyzed using a Bio-Rad (Hercules, CA, USA) Aminex
HPX-87P column with RI detector, operating at 83 °C with Milli-Q water
(Barnstead Nanopure, USA) as an eluent with a flow rate of 1.0 mL/min.
The composition of the solid fraction was determined as per established
NREL method [14].
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3.2.7 SCANNING ELECTRON MICROSCOPY

The morphological features of raw, pretreated, and enzymatically treated
corn stover were observed by scanning electron microscopy (SEM) (S-
570, Hitachi Ltd., Japan) at an acceleration voltage of 10 kV. SEM was
conducted under high vacuum to improve the conductivity of the samples
and the resolution of the SEM micrographs.

3.3 RESULTS AND DISCUSSIONS

3.3.1 RAW MATERIAL

The chemical composition of corn stover as determined using standard
NREL protocols (“Analytical Methods”) showed the following composi-
tions: glucan 38.67 % (£0.12), xylan 25.21 % (£0.03), galactan 1.83 %
(£0.03), arabinan 2.85 % (£0.05), mannan 0.38 % (+0.16), Klason lignin
17.52 % (£0.14), acid-soluble lignin 1.50 % (£0.01), ash 2.57 % (+0.08),
and acetate 4.34 % (£0.01) on dry basis. The composition analysis was
performed in duplicates, and numbers shown are the average and the stan-
dard error is shown within the parentheses. The composition of raw mate-
rial was used to calculate the glucose yields (percent) in the experiments.

3.3.2 SELECTION OF PLATFORM
WEx PRETREATMENT CONDITIONS

The amount of sugars released in the liquid phase after WExX pretreatment
at 12 different conditions is shown in Fig. 2a. The amount of free sugars
(glucose, xylose, and arabinose) released after WEx varied between 11.34
and 40.62 g/L. During the hydrolysis testing, the amount of free sugars re-
leased varied between 77.16 and 130.94 g/L (Fig. 2b). The amount of sug-
ar degradation products (HMF and furfural) along with acetate (released
from hemicellulose) generated during WEX varied between 3.79 and 12.79
g/L, whereas, during the enzymatic hydrolysis, their concentration varied
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between 6.50 and 15.49 g/L.. The increase in HMF and furfural concentra-
tion during enzymatic hydrolysis is attributed to continued sugar degrada-
tion at a slower rate during enzyme hydrolysis. Interestingly, the pretreat-
ed sample CS-8 (170 °C, 20 min, 5.5 bar oxygen) released lower sugars
during pretreatment (16.44 g/L) as compared to other pretreated samples
which released maximum sugars during enzyme hydrolysis (130.94 g/L).
These results are probably due to the fact that more oligomers were found
in this sample (CS-8) due to a better opening of the structure (loosening
of linkages between macromolecules in the cell wall). This is in agree-
ment with previous studies by Ladisch et al. where they found that the
optimal pretreatment conditions correlate with the oligosaccharides and
not the monosaccharides released during pretreatment [15]. Sample CS-8
after pretreatment showed monomeric glucose (2.97 g/L), xylose (11.16
g/L), arabinose (2.31 g/L) and, after enzymatic hydrolysis, showed high-
est concentration of glucose monomers (102.61 g/L), xylose monomers
(26.25 g/L), and arabinose (2.08 g/L), which gives amonomeric glucose
yield of 81 % compared to the glucan concentration of the corn stover.
The amount of degradation products in sample CS-8 after pretreatment
was 3.99 g/L for HMF, 0.50 g/L for furfural, and 7.57 g/L for acetate. The
amount of degradation products after enzymatic hydrolysis was 3.4 g/L for
HMF, 0.46 g/L for furfural, and 9.6 g/L for acetate. The amount of lignin
solubilized during pretreatment was 8 %, which remained unchanged dur-
ing enzymatic hydrolysis. Sample CS-8 was, therefore, chosen as platform
WEX pretreatment conditions for enzyme optimization study as it released
highest sugars and minimal sugar degradation products.

3.3.3 ENZYME OPTIMIZATION

3.3.3.1 OPTIMIZATION OF
ENZYMATIC HYDROLYSIS PARAMETERS

Full-factorial statistical model was developed by the statistical software
Minitab 16. Table 2 shows coded and uncoded variables along with the ex-
perimental and model-predicted response. Low, midpoint, and high levels
were coded as —1, 0 and +1, respectively. The response of glucose yield af-
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FIGURE 2: Sugars released after a WEx at 12 different pretreatment conditions and b
enzymatic hydrolysis using 40 mg EP/g of glucan. The error bars in the plot show the
standard deviation.

ter 72 h of enzymatic hydrolysis from all 14 runs as a function of cellulase
loading (mg EP/g glucan) and SC was evaluated in CCD. The interaction
between response and variables was evaluated by response surface after
12, 24, 48, and 72 h (Fig. 3). Each response surface plot confirmed the
interactions existing between the variables and glucose yield. As shown in
Table 2, the experimental glucose yield matched closely with the model-
predicted glucose yield with a regression coefficient of 97.68 %.

Minitab 16 was used to conduct ANOVA to evaluate individual and
interactive effects of variables. Significance of coefficients of the model
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FIGURE 3: Response surface plot showing the impact of the interaction between substrate
concentration (SC) and enzyme protein (EP) on monomeric glucose yields (GY) after a 12
h, b 24 h, ¢ 48 h, and d 72 h of enzymatic hydrolysis.

was analyzed. The results of the second-order response surface models
for the glucose released during hydrolysis are presented in the form of
ANOVA in Table 3. Equation (3) describes the second-order polynomial
model to evaluate the relationship between variables and glucose yield of
enzymatic hydrolysis.

Y = 46.0929 + 0.25014; + 2.3183y, — 0.0067%, — 0.0420%, + 0.03594,5, (3)
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TABLE 3: ANOVA table for glucose yield.

Source of df Sum of Mean F ratio p value Coefficient
variation squares square
Regression 5 2,309.63 461.93 55.94 0.000 46.0929
Linear 2 1,690.35 845.17 102.34 0.000 -
SC (%) 1 268.00 268.00 32.45 0.000 0.2501
EP (mg) 1 1,422.34 1,422.34 172.24 0.000 2.318
Square 2 530.27 265.13 32.11 0.000 -
SC (%)*xSC 1 0.39 0.39 0.05 0.835 —0.0067
(%)
EP (mg) x EP 1 450.15 450.15 54.51 0.000 —0.0420
(mg)
Interaction 1 89.02 89.02 24.05 0.013 -
SC(%) x EP 1 89.02 89.02 24.05 0.013 0.0359
(mg)
Residual 7 57.81 8.26 - - -
error
Lack of fit 3 31.28 10.43 1.57 0.33 -
Pure error 4 26.52 6.63 - - -
Total 13 2,547.84 - — - -

R?=97.68 %, R? (predicted)=85.94 %, R? (adjusted)=95.69 %

In the equation on page 32 (Eq. (3)), Y is the glucose yield after 72 h of
hydrolysis, % 1 is SC (percent), and y 2 is enzyme loading (milligrams EP
per gram glucan). The statistical significance of the model was evaluated
by F test for ANOVA, which confirmed that the regression was statisti-
cally significant. Temperature and pH were excluded from the optimiza-
tion model because these factors had already been optimized as 50 °C and
5, respectively (www.bioenergy.novozymes.com).

Statistical effect of SC and enzyme loading on glucose yield is shown
in Table 3. As shown in Table 3, the coefficient of regression (R?) was
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calculated as 97.68 %, which indicated that the model is suitable to ad-
equately represent the real relationships among the selected reaction vari-
ables. Highly adjusted R? (95.69 %) also showed the suitability of the
model. Linear and squared terms of enzyme loading exerted a positive
effect on the yield of glucose during enzymatic hydrolysis as the p values
were <0.05. Linear SC has been found to have a significant effect; how-
ever, there was no direct effect of squared SC. This can be explained by the
heterogeneity of the pretreated sample. Interaction of both enzyme loading
and SC has a significant effect (p<0.05), which indicates cumulative ef-
fect of both factors on enzymatic hydrolysis.

The objective of the optimization was to achieve a glucose yield of at
least 80 %. The SC and enzyme loading combination at which the highest
desirability (0.959) was obtained was chosen as the optimal conditions for
the enzymatic hydrolysis with the predicted value of the response, 85.94
%. The optimal conditions for the enzymatic hydrolysis from the statistical
analysis were found to be 20 % SC and 15 mg EP/g glucan (about 5 FPU),
which gave a glucose yield of 84 % that is in agreement with the predicted
response. Thus, we concluded that the model was valid and reliable in
predicting the experimental results.

3.3.3.2 INFLUENCE OF SC AND ENZYME LOADING DURING
ENZYMATIC HYDROLYSIS

The significance of the quadratic coefficients of enzyme loading and SC
for corn stover indicates a positive correlation between enzyme loading,
SC, and hydrolysis yield. No noticeable mass transfer limitation was ob-
served (due to high viscosity of the slurry) in contrast to previous studies
[16, 17] as evident by high glucose yield. Optimal process conditions for
enzymatic hydrolysis to high glucose included both high SC and low en-
zyme loading. This is a remarkable improvement over previous studies
done with pretreated corn stover either at low SC (<10 %) or high enzyme
loading (>10 FPU, equivalent to 30 mg EP/g glucan) to achieve higher
cellulose conversion [5, 6, 18, 19]. By increasing the SC, the glucose yield
improved significantly. This lowers the cost of fermentation and elimi-
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nates the need for concentration of the hydrolysate before fermentation,
which would add to the overall cost.

3.3.4 TEST AT SCALE-UP CONDITIONS
OF ENZYMATIC HYDROLYSIS

Under the optimal conditions (20 % SC, 15 mg EP/g glucan, pH 5, and
50°C), the model predicted a glucose yield of 84.8 %. The actual experi-
ment yield was 84 %, which was in close agreement with the model's pre-
diction, confirming the validity of the RSM model. A comparative study in
100-L pilot scale was performed with the optimized hydrolysis condition
(20 % SC, 15 mg EP/g glucan) and compared to the hydrolysis condition
at which the maximum yield was obtained (20 % SC, 40 mg EP/g glucan).
Glucose yield of 84 and 99 % was attained at 15 and 40 mg EP/g glucan,
respectively.

3.3.4.1 SCANNING ELECTRON MICROSCOPY

SEM was performed to understand the morphological changes for the corn
stover samples when hydrolyzed at the determined enzyme loading (15
mg EP/g glucan) versus the highest enzyme loading (40 mg EP/g glucan).
Figure 4 shows SEM micrographs to elucidate the changes in the fibril-
lar structure of raw corn stover and after treatment (WEx and enzymatic
hydrolysis). Corn stover (Fig. 4a) exhibited compact and highly ordered
fibril structure covered with a wax layer, binding materials, and other de-
posits (common to herbaceous lignocellulosic biomass). Figure 4b showed
damages in the fibrillar structure as a result of WEx pretreatment. Deg-
radation caused by the harsh pretreatment conditions was demonstrated
by the appearance of exposed smooth cellulose surface, peeling, reticular
areas, and interfibrillar splitting in the direction of the fiber axis. Despite
these major changes after WEx, some conducting vessels and pits still re-
mained intact, demonstrating the need for enzyme digestion. Panels ¢ and
d of Fig. 4 show the SEM images after enzymatic hydrolysis conducted
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FIGURE 4: Scanning electron micrograph of corn stover: a control, raw corn stover; b
wet-oxidized corn stover; ¢ enzymatically treated corn stover using 15 mg EP at 20 % SC;
and d enzymatically treated corn stover using 40 mg EP at 20 % SC. Scale: a—d=50 pm.

at enzyme loading of 15 and 40 mg EP/g glucan, respectively. Enzymatic
hydrolysis caused the fibrous surface to be altered and enhanced the po-
rosity induced by the WEx pretreatment. In both panels ¢ and d of Fig. 4,
degradation of fiber surface was significant, but the extent of degradation
varied with the amount of enzyme protein added (and cellulase accessi-
bility to fibers). With the determined optimal enzymes loading of 15 mg
EP/g glucan (Fig. 4c), longitudinal disintegration of fibers and formation
of fissures on the surface were observed and surface erosion was unevenly
distributed, whereas with the increase in enzyme loading (Fig. 4d), uni-
form surface corrosion was observed. These observations lead to the con-
clusion that morphological differences between the corn stover samples
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hydrolyzed with 15 and 40 mg EP/g glucan were noticeable but relatively
minor compared to the fact that 2.7 times more enzyme was added in the

last case (Fig. 5).
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3.3.5 PROCESS ECONOMICS

Figure 6 shows the effect of varying enzyme loadings and SC on glucose
yields. With the increase in the enzyme loading and SC, high glucose yield
was achieved but, at the same time, enzyme cost increased significantly
due to the need for higher enzyme dosage. Due to unavailability of an
exact price of Cellic® CTec2, we found it more appropriate to use the
relative cost savings derived from the quantity of enzymes used at the
sweet spot for the economics modeling. Amount of enzymes (kilograms)
was calculated from enzyme loading (milligrams enzyme protein per gram
glucan) at respective substrate concentration for processing 1,000 kg of
biomass slurry as basis as shown below.

Using 210 mg EP/mL of enzyme solution, enzyme density as 1.2 g/
mL, SC 20 %, glucan 38.67 %, and enzyme loading at points A and B as
15 and 40 mg EP/g glucan, respectively, the amount of enzyme calculated
at points A and B was 6.51 and 17.37 kg, respectively, to process 1,000
kg of biomass slurry. Glucose yields at points A and B were 84 and 99 %,
respectively. At point A, our sweet spot, we observed a plateau, which sug-
gests that further increase in enzyme loading and SC has little effect on the
glucose yield, and therefore, we considered that point as optimal.

Comparing the relative difference in glucose yield and enzyme amount
at points A and B, we found at the sweet spot (point A) a glucose yield that
was 16 % lower; however, 62.5 % less enzymes were used, which would
represent a significant saving compared to the optimal condition. More-
over, some enzymes from the enzymatic hydrolysis step remain functional
during the subsequent fermentation process, and these enzymes will be
capable of processing at least parts of the 16 % of unconverted cellulose
remaining after enzymatic hydrolysis into glucose. These findings agree
with the past studies done by Shen and Agblevor [20], who suggested that
the enzyme cost for complete hydrolysis (100 % conversion of cellulose to
glucose) is prohibitive in achieving the economically viable commercial-
ization of ethanol production.
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3.4 CONCLUSION

WEX pretreatment and enzymatic hydrolysis at high SC were found to
produce high glucose yield from corn stover even at low enzyme loadings.
Experimental results showed that the most optimal and economically fea-
sible condition for high yields of glucose (about 84 %) was obtained when
corn stover was wet-exploded at 170 °C for 20 min with 5.5 bar oxygen
and subsequently enzymatically hydrolyzed at 20 % SC and 15 mg EP/g
glucan. Significant enzyme cost saving can be achieved by accepting a
glucose yield of about 80 % compared to the full conversion of the glucan
of corn stover.
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CHAPTER 4

Bioconversion of Lignocellulose:
Inhibitors and Setoxification

LEIF J. JONSSON, BJORN ALRIKSSON
AND NILS-OLOF NILVEBRANT

4.1 REVIEW
4.1.1 BACKGROUND

Lignocellulose provides an abundant renewable resource for production
of biofuels, chemicals, and polymers [1-3]. Biorefineries, in which lig-
nocellulosic biomass is converted to various commodities, are likely to
become increasingly important in future society as complement and alter-
native to the oil refineries of today. Commodities produced from renew-
able resources offer an alternative to products based on dwindling supplies
of petroleum and permit a move towards improved energy security and
decreased impact on the environment. Lignocellulosic feedstocks include
residues from agriculture and forestry, energy crops, and residues from
biorefineries and pulp mills. Lignocellulosic biomass can contribute sig-
nificantly to the future global energy supply without competition with in-
creasing food demand for existing arable land [4].

Liquid biofuels include bioalcohols, such as ethanol and butanol,
and biodiesel. Ethanol is the most important liquid biofuel of today.
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Bioalcohols are manufactured in fermentation processes, in which micro-
bial biocatalysts, yeasts or bacteria, convert sugars to alcohols. The etha-
nol that is used today is mainly manufactured from sugar or starch-based
raw materials. However, very large-scale use of bioalcohols in the energy
sector will require production from lignocellulosic feedstocks [1-5], which
have the added benefit that they are not used for food. This review focuses
on biocatalyst inhibitors formed during acidic thermochemical pretreat-
ment of lignocellulosic feedstocks, and how conditioning of slurries and
hydrolysates can be used to alleviate inhibition problems connected with
hydrolytic enzymes and the yeast Saccharomyces cerevisiae.

4.1.2 LIGNOCELLULOSE AND PRETREATMENT OF
LIGNOCELLULOSIC FEEDSTOCKS

Lignocellulosic feedstocks mainly consist of cellulose, hemicellulose, and
lignin [6,7]. Cellulose is an unbranched homopolysaccharide consisting
of D-glucopyranosyl units. Hemicelluloses are branched heteropolysac-
charides consisting of both hexose and pentose sugar residues, which may
also carry acetyl groups. The third main component, lignin, consists of
phenylpropane units linked together by different types of interunit linkages
of which ether bonds are the most common. Lignocellulose polysaccha-
rides are hydrolyzed to provide the monosaccharides used by microbial
biocatalysts in fermentation processes. The crystalline parts of the cellu-
lose are more resistant to hydrolysis than are the amorphous parts. Com-
pared to starch, the polysaccharides of lignocellulose are more resistant
to hydrolysis. Furthermore, woody biomass is generally more resistant to
degradation than other types of lignocellulose. Softwood is typically more
difficult to hydrolyze than hardwood or agricultural residues [8-12].
Hydrolysis of cellulose can be catalyzed by using strong inorganic ac-
ids or hydrolytic enzymes, including cellulases [13,14]. Acid hydrolysis
of cellulose requires severe conditions. Enzymatic hydrolysis is often con-
sidered as the most promising approach for the future [5]. Lignocellulosic
biomass intended for production of liquid biofuels is typically pretreated
in an acidic thermochemical process step to increase the susceptibility of
the cellulose to enzymatic hydrolysis [5,9,12]. The pretreatment usually
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degrades the hemicellulose leading to the formation of products such as
pentose and hexose sugars, sugar acids, aliphatic acids (primarily acetic
acid, formic acid and levulinic acid), and furan aldehydes [5-hydroxymeth-
ylfurfural (HMF) and furfural] (Figure 1). After hydrolysis of lignocellu-
lose polysaccharides, lignin remains as a solid residue, although a minor
part is degraded to phenolics and other aromatic compounds (Figure 1).
Sugars derived from hemicelluloses will account for a substantial part of
the total sugar and it is desirable that they are included in the subsequent
fermentation step. The monosaccharides obtained through the hydrolysis
process are then fermented by microbial catalysts to the desired product,
most commonly ethanol produced with the yeast S. cerevisiae.
Hydrolysis and fermentation can be performed separately (separate
hydrolysis and fermentation; SHF) or simultaneously (simultaneous
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FIGURE 1: Formation of inhibitors. Scheme indicating main routes of formation of
inhibitors. Furan aldehydes and aliphatic acids are carbohydrate degradation products, while
lignin is the main source of phenolic compounds, as indicated by guaiacyl (4-hydroxy-3-
methoxyphenyl) and syringyl (4-hydroxy-3,5-dimethoxyphenyl) moieties found in many
phenolics. While the contents of furan aldehydes and aliphatic acids are relatively easy to
determine, the quantification and identification of phenolic compounds remain challenging.
The insert shows the variety of peaks representing phenolic compounds found in a
hydrolysate of Norwegian spruce, as indicated by analysis using liquid chromatography-
mass spectrometry (LC-MS)..
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saccharification and fermentation; SSF). Consolidated bioprocessing
(CBP) refers to a process in which the fermenting microorganism also
contributes by producing cellulolytic enzymes [15].

4.1.3 INHIBITORS OF ENZYMATIC
AND MICROBIAL BIOCATALYSTS

The generation of by-products from the pretreatment is strongly depen-
dent on the feedstock and the pretreatment method. Substances that may
act as inhibitors of microorganisms include phenolic compounds and other
aromatics, aliphatic acids, furan aldehydes, inorganic ions, and bioalco-
hols or other fermentation products. Examples of inhibitory fermentation
products are ethanol and butanol. As most microorganisms, S. cerevisiae
is inhibited by butanol concentrations in the range 1-2% (v/v) [16], but it
is able to withstand much higher concentrations of ethanol. In high-gravity
alcoholic fermentations, S. cerevisiae produces ethanol concentrations of
17% (v/v) or higher [17]. Hydrolytic enzymes are inhibited by their prod-
ucts, i.e. sugars such as cellobiose and glucose [18], by fermentation prod-
ucts such as ethanol [19,20], and by phenolic compounds [21].

4.1.4 AROMATIC COMPOUNDS

A large number of different phenolic compounds are formed from lig-
nin during acid-catalyzed hydrolysis or pretreatment of lignocellulose.
Phenolic compounds and other aromatics are formed during pretreat-
ment regardless of whether an acid catalyst is added to the reaction [22].
Carboxylic acids formed during the pretreatment will contribute to the
formation of an acidic environment. Furthermore, some extractives are
phenolic compounds [6,7]. Formation of phenolic compounds from sug-
ars is another possibility [23], although the significance of this route
remains to be investigated.

Different analytical techniques, primarily gas chromatography—mass
spectrometry (GC-MS) and liquid chromatography-mass spectrometry
(LC-MS), have been used to identify specific aromatic compounds in
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acidic hydrolysates from various kinds of lignocellulosic feedstocks,
such as corn stover [24-26], oak [27], pine [26,28,29], poplar [24,30-
32], spruce [33-35], sugarcane bagasse [22], switchgrass [24], and wil-
low [36]. In addition, aromatic degradation products in hydrolysates
produced by alkaline methods have been investigated [26,37]. The large
number and the diversity of the aromatic compounds found in different
lignocellulose hydrolysates (Figure 1) make identification and quantifi-
cation of separate compounds complicated. Group analysis of phenolic
compounds offers an alternative approach. GC-MS has been used to esti-
mate the total amount of phenols in lignocellulose hydrolysates [33,36].
The total amount of phenols in a spruce wood hydrolysate was deter-
mined spectrophotometrically by using the Prussian Blue method [33].
Persson et al. [34] compared the Prussian Blue method with another
spectrophotometric method, based on Folin-Ciocalteu's reagent, and
found that the latter gave more reliable results with respect to analysis
of phenolic compounds in the hydrolysate. A peroxidase-based biosen-
sor was also tested, as an alternative to the spectrophotometric methods
[34]. Furthermore, a method for group analysis of phenols by high-
performance liquid chromatography (HPLC) has also been used [38].
Although the Folin-Ciocalteu method is the most convenient approach
to analyze the total phenolic contents in lignocellulose hydrolysates, it
should be avoided in experiments with redox reagents (such as reduced
sulfur compunds including dithionite, dithiothreitol, and sulfite), in
which the HPLC method serves as a better option [39]. It should also be
noticed that phenol analysis using the Folin-Ciocalteu reagent is related
to the Lowry method for determination of the total protein content [40]
and that it is therefore sensitive to potential media components such as
hydrolytic enzymes, cell extracts, and hydrolyzed protein.

The effects of phenolics and other aromatic compounds, which may
inhibit both microbial growth and product yield, are very variable, and can
be related to specific functional groups [30,41]. In many cases, the mecha-
nism of toxicity has not been elucidated. One possible mechanism is that
phenolics interfere with the cell membrane by influencing its function and
changing its protein-to-lipid ratio [42]. S. cerevisiae can convert some in-
hibitory phenolics to less toxic compounds. For instance, coniferyl alde-
hyde is reduced to coniferyl alcohol and dihydroconiferyl alcohol [41].
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The role of phenolic inhibitors has been investigated using enzymic
catalysts that specifically affect phenolic compounds without changing the
concentrations of other inhibitors, such as aliphatic acids and furan alde-
hydes [33,36,43-45]. Enzymes, such as laccases and peroxidases, oxidize
phenols to radicals that undergo coupling to larger molecules that are less
toxic to fermenting microbes such as yeast [36].

Phenolic compounds are also investigated with regard to inhibition of
enzymatic hydrolysis of cellulose [21]. Experiments with phenols suggest
that one way in which they affect proteins is by inducing precipitation
[46].

4.1.5 ALIPHATIC ACIDS

Lignocellulose hydrolysates contain aliphatic acids, such as acetic acid,
formic acid, and levulinic acid. Acetic acid is formed primarily by hydro-
lysis of acetyl groups of hemicellulose, while formic acid and levulinic
acid arise as acid-catalyzed thermochemical degradation products from
polysaccharides (Figure 1). Formic acid is a degradation product of furfu-
ral and HMF (5-hydroxymethylfurfural), while levulinic acid is formed by
degradation of HMF [47]. The pKa value of formic acid (3.75) is consider-
ably lower than those of acetic acid (4.76) and levulinic acid (4.64). The
toxic effect on S. cerevisiae is attributed to the undissociated form and in-
creases in the order acetic acid < levulinic acid < formic acid. Inhibition of
yeast was found to be apparent at concentrations exceeding 100 mM [48].
However, lower concentrations than 100 mM gave higher ethanol yields
than fermentations with no aliphatic acids included [48]. The contents of
aliphatic acids in slurries and hydrolysates vary strongly depending on the
feedstock and the severity of the pretreatment. Feedstocks with high con-
tent of acetylated xylan, typically agricultural residues and hardwood, give
higher concentrations of aliphatic acids than softwood. The total content
of aliphatic acids in softwood hydrolysates is often below 100 mM and
consequently beneficial for the ethanol yield rather than harmful [48,49].
Undissociated acids enter the cell through diffusion over the cell mem-
brane and then dissociate due to the neutral cytosolic pH [50]. The disso-
ciation of the acid leads to a decrease in the intracellular pH, which may
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lead to cell death. Alternatively, it may lead to increased ethanol yield at
the expense of biomass formation as a consequence of the cell's attempt to
maintain a constant intracellular pH by pumping out protons through the
plasma membrane ATPase [51-53].

A group of compounds that can be mentioned in this context are uncou-
plers, i.e. amphiphilic molecules that dissolve in the inner mitochondrial
membrane of eukaryotic cells and that have the ability to transfer protons
across the membrane. By disrupting the proton gradient over the inner
mitochondrial membrane, they disconnect the linkage between the respi-
ratory chain and the oxidative phosphorylation that regenerates ATP from
ADP. This mechanism differs from that proposed for aliphatic acids like
acetic acid, as it inhibits the regeneration of ATP in mitochondria rather
than stimulate the consumption of ATP at the plasma membrane. Some
aromatic carboxylic acids may act as uncouplers, as has been shown in ex-
periments with plant cells and salicylic acid [54], a compound that is also
found in lignocellulose hydrolysates [26,36]. Another aromatic carboxylic
acid, p-hydroxybenzoic acid, which is common in lignocellulose hydroly-
sates, did not exhibit the uncoupling effect observed for salicylic acid [54].

4.1.6 FURAN ALDEHYDES

The furan aldehydes furfural and HMF, which also are commonly found
in lignocellulose hydrolysates, are formed by dehydration of pentose
and hexose sugars, respectively (Figure 1). Furfural and HMF inhibit the
growth of yeast and decrease ethanol yield and productivity [48,55,56].
Under anaerobic conditions, S. cerevisiae can convert furfural to furfuryl
alcohol [57,58] and HMF to 2,5-bis-hydroxymethylfuran [59]. Reduction
of furfural has been linked to the co-factor NADH, while reduction of
HMEF has been found to be associated with consumption of NADPH [60].
A moderate addition of furfural to the growth medium was found to lead
to increased ethanol yields for recombinant xylose-utilizing S. cerevisiae
transformants [60]. This can be explained by the reduction of furfural to
furfuryl alcohol, which will lead to a decreased formation of the undesir-
able by-product xylitol and an increased formation of ethanol. Model fer-
mentations with furan aldehydes added to the medium suggest that yeast
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can tolerate quite high concentrations of furan aldehydes [48,61]. Marti-
nez et al. [62] noticed that it took an addition of three times the original
concentrations of the furan aldehydes to restore the inhibition of E. coli by
a detoxified bagasse hydrolysate. These observations suggest that the inhi-
bition might be due to other inhibitors present in the hydrolysate, other yet
unidentified compounds, or perhaps to synergistic effects involving furan
aldehydes. The capability of the microorganism to reduce furan aldehydes
to the less toxic corresponding alcohols during fermentation in a bioreac-
tor is sometimes referred to as in-situ detoxification [63]. The concept of
biological in-situ detoxification is based on the presumption that it is the
mere presence of the inhibitory substance that is the problem, rather than
its bioconversion.

4.1.7 INORGANIC COMPOUNDS

Inorganic ions that are present in lignocellulose hydrolysates originate
from the lignocellulosic feedstocks, from chemicals added during pretreat-
ment, conditioning and hydrolysis, and possibly from process equipment.
The addition of salts results in a higher osmotic pressure, which may result
in inhibitory effects [64,65]. At moderate concentrations, there is a pos-
sibility that inorganic ions enhance ethanol production in a similar way as
moderate concentrations of aliphatic acids do. The proposed mechanism
is increased demand of ATP due to increased transport over the plasma
membrane. Extra ATP is acquired by an increased ethanol production at
the expense of biomass formation.

S. cerevisiae is relatively salt tolerant compared to other yeasts, such
as Schizosaccharomyces pombe and Scheffersomyces (Pichia) stipitis, but
less tolerant than several Candida species [64]. In glucose-based medium,
S. cerevisiae is capable to grow in a 1.5 M solution of sodium chloride.
However, a more important factor than the absolute concentration of so-
dium is the intracellular ratio of Na+/K+, which preferably should be kept
low. Maiorella et al. [66] investigated the effects of different salts on S.
cerevisiae and found that the inhibition decreased in the following order:
CaCl,, (NH4),SO, > NaCl, NH,Cl > KH,PO, > MgCl, > MgSO, > KCI.
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4.1.8 OTHER INHIBITORY EFFECTS

Ethanol generated during fermentation inhibits viability, growth, glucose
transport systems, and proton fluxes of S. cerevisiae. The yeast plasma
membrane is affected with respect to permeability, organization, and lipid
composition [67]. However, the ethanologenic microbes S. cerevisiae and
Zymomonas mobilis can tolerate ethanol concentrations up to 18 and 12%,
respectively [68]. The engineering of microbes for improved resistance to
bioalcohols and other biofuels has recently been reviewed [16].

Potential synergistic effects of inhibitors have been studied in experi-
ments with yeast and bacteria [69-71]. The results of these studies indicate
synergistic effects of combinations of acids and furan aldehydes, as well
as of combinations of different phenolics.

4.1.9 STRATEGIES TO COUNTERACT INHIBITION PROBLEMS

Several alternative measures can be taken to avoid problems caused by
inhibitors. The concentrations of inhibitors and sugars in hydrolysates de-
pend on the feedstock as well as on the conditions during pretreatment and
hydrolysis [9,48]. Therefore, one possibility is to select less recalcitrant
feedstocks and to utilize mild pretreatment conditions. However, it is de-
sirable to utilize different varieties of lignocellulose if production of com-
modities from renewables should make a major impact on the market for
fuels, chemicals, and materials. Furthermore, production of bulk chemi-
cals is yield dependent, which implies that it is not reasonable to accept a
poor sugar yield, and consequently a poor overall product yield, due to the
use of insufficient pretreatment conditions.

It is also possible to design the fermentation process to avoid problems
with inhibition, for example by using SSF to avoid inhibition of cellulo-
lytic enzymes by sugars, or by using fed-batch or continuous cultivation
rather than batch processes [72]. High yield and productivity, high product
titer, and possibilities to recirculate process water are, however, important
aspects of the chosen design. Ethanol production from diluted hydroly-
sates with low sugar content is associated with a high operating cost due
to a more expensive distillation process [68].
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There is a variety of different chemical, biological and physical meth-
ods that can be used to detoxify slurries and hydrolysates [33,73,74]. Ap-
proaches that have been studied include overliming and treatments with
other chemicals, liquid-liquid extraction, liquid—solid extraction, heating
and evaporation, and treatments with microbial and enzymatic biocata-
lysts (Table 1). Comparisons of different methods for detoxification, or
conditioning, indicate that they differ significantly with respect to effects
on hydrolysate chemistry and fermentability [33,75]. A common objection
against detoxification is based on the assumption that it would require a
separate process step.

There are a number of strategies that concern the fermenting microor-
ganism. The use of large inocula decreases inhibition problems [55,73,75].

TABLE 1: Techniques for detoxification of lignocellulose hydrolysates and slurries.

Technique Procedure Example®
Chemical additives Alkali [such as Ca(OH),, [76,77]
NaOH, NH,OH]
Reducing agents [such as [39]
dithionite, dithiothreitol,
sulfite]

Enzymatic treatment Laccase [36,45]

Peroxidase [36]

Heating and vaporization Evaporation [33]

Heat treatment [78]
Liquid-liquid extraction Ethyl acetate [24,75]

Supercritical fluid extrac- [34]

tion [such as supercritical
CO,]

Trialkylamine [79]

Liquid-solid extraction Activated carbon [80]
Ion exchange [38,81]

Lignin [82]
Microbial treatment Coniochaeta ligniaria [83,84]
Trichoderma reesei [33,85]

Ureibacillus thermos- [86]

phaericus

“The table includes one or two examples of each procedure (references are not exhaustive).
Dilution, washing of solid fractions, and techniques based on the fermenting microbe are
not included.
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However, the use of large inocula is considered to be a less attractive solu-
tion in an industrial context [87]. Using a large inoculum would be a pos-
sibility if the microorganism can be recirculated and reused at a reasonable
cost. However, if the used fermentation broth contains a lot of solids, the
separation of the microorganism could become a tedious task. This is the
case in SSF processes, and as a consequence the use of fresh inocula is
considered instead of recycling the microorganism [88].

Other possibilities that target the microorganism include selection of
microbial species and strains that exhibit resistance to inhibitors. Adap-
tation of the microorganism to an inhibiting environment, possibly after
inducing variation by mutagenesis, serves as an alternative option. Fur-
thermore, genetic engineering can be employed to obtain transformed
hyperresistant microbes. S. cerevisiae has been engineered for increased
resistance to fermentation inhibitors by overexpression of enzymes con-
ferring improved resistance to phenolics [89,90], furan aldehydes [91,92],
and aliphatic acids [93,94]. Furthermore, overexpression of a transcription
factor, Yapl [95], and of multidrug-resistance proteins [95] has also gen-
erated hyperresistant S. cerevisiae transformants. In some of these cases,
hyperresistance to lignocellulose hydrolysates has also been demonstrated
[89,90,95].

Most of the studies on inhibition have had focus on the fermenting
microorganism, while strategies that decrease inhibition of enzymes so far
have received relatively little attention. Since most enzymatic hydrolysis
processes involve mixtures of a pretreatment liquid and a solid cellulosic
material, there are good reasons to take enzyme inhibition into account.
Chemical detoxification, a powerful strategy to deal with inhibitor prob-
lems which also addresses enzyme inhibition, will be considered in more
detail below.

4.1.10 CHEMICAL TREATMENT

Although methods such as liquid-liquid extraction, ion exchange, and
treatment with biocatalysts remain frequently studied options for detoxi-
fying hydrolysates or slurries, the focus of this section will be detoxifi-
cation by addition of alkali or other chemical agents. In comparisons of
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FIGURE 2: Effects of genetic engineering for hyperresistance and chemical detoxification
through alkaline treatment. Ethanol production by S. cerevisiae (control transformant
and transformant overexpressing Yapl [95]): in spruce hydrolysate medium (black
triangle, Yapl transformant; black square, Control transformant), in alkali-detoxified
spruce hydrolysate (dark gray triangle, Yapl transformant; dark gray square, Control
transformant), and in inhibitor-free medium (light gray triangle, Yapl transformant; light
gray square, Control transformant)...

detoxification methods, treatment with calcium hydroxide (overliming)
has emerged as one of the most efficient methods [33,75]. In many cases,
overliming also seems to be the most economical choice [78]. Although
biotechnical methods (reviewed in [74,96]) are very promising in a longer
perspective, they are seldom compared to conventional methods, such as
alkaline detoxification. A comparison between the performance of a hy-
perresistant S. cerevisiae transformant overexpressing Yapl [95] and the
effect of alkaline detoxification is shown in Figure 2. The result indicates
that both approaches have a very clear positive impact, but only the fer-
mentation after alkaline detoxification reaches a similar level as that of the
reference fermentation.

Overliming of hydrolysates produced by pretreatment of lignocellulose
with sulfuric acid results in the precipitation of calcium sulfate (gypsum)
[76,97]. This keeps the concentration of soluble salts at a low level, which
is favorable for the fermentation process [76,97]. However, treatment of
hydrolysates with other types of alkali, such as ammonium hydroxide, can
result in a fermentability that is equal to or even better than that of hydro-
lysates treated with overliming [76].
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Although the mechanism of overliming is still not completely eluci-
dated, considerable progress has been made. Van Zyl et al. [98] suggested
that the detoxification effect of overliming was due to precipitation of
toxic substances. Persson et al. [35] collected and analyzed precipitated
material as well as the chemical composition of alkali-treated hydrolysates
and concluded that the detoxification effect was due to chemical conver-
sion rather than to removal of precipitated inhibitors. Furthermore, a com-
parison of different types of alkali for treatment of hydrolysates showed
that it was possible to obtain an excellent ethanol yield (better than in a
reference fermentation with similar sugar content but without inhibitors)
after treatment with sodium hydroxide [77]. Since the treatment with so-
dium hydroxide did not give rise to any precipitate, this finding confirmed
the conclusions drawn regarding the effects of alkaline treatment [35].

A problem associated with alkali detoxification is that not only inhibi-
tors are affected by the treatment, but also the sugars, which could lead to
reduced ethanol yields (Table 2). Nilvebrant et al. [99] studied the effects
of treatment time, temperature, and pH during alkali treatment of a spruce
hydrolysate. During treatment with alkali, xylose was slightly more easily
degraded than the other monosaccharides. Using similar conditions (time
period, pH, and temperature), the effect of calcium hydroxide was larger
than that of sodium hydroxide. More extensive sugar degradation during
alkaline treatment by overliming can be attributed to the stabilisation of
reactive enolate intermediates by calcium ions (Figure 3). The examples in
Table?2 indicate that too harsh conditions result in extensive sugar degra-
dation, which also has an adverse effect on ethanol production. However,
it is also evident that a considerable improvement of the fermentability can
be gained with a very small loss of sugar (about 1%) (Table 2) indicating
that sugar loss is not always a valid objection to alkaline detoxification.

Ethanol production is often reported as the overall ethanol yield (OEY,
i.e. the yield calculated on the sugar content of the hydrolysate prior to
detoxification and given in percent of the maximum theoretical yield)
(Table2). However, OEY does not take the relative fermentation improve-
ment and the fermentation rate into account. A high OEY can be achieved
after an intolerably long fermentation time. Since it is difficult to evalu-
ate the significance of the improvement in fermentability without hav-
ing a reference fermentation to relate it to, it is highly recommended that
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FIGURE 3: Monosaccharide degradation in alkali. Initial phase of degradation of glucose
during alkaline treatment. Calcium ions stabilize the reactive enol intermediate, which in
turn is degraded to HMF, and further to formic and levulinic acids.

reference fermentations without inhibitors should be included in detoxifi-
cation studies. One possibility is to evaluate the treatment on basis of the
balanced ethanol yield (BEY) (Table 2) [76]. BEY is the amount of ethanol
produced divided by the total amount of fermentable sugars present in the
hydrolysate prior to the detoxification given as percent of a reference fer-
mentation of a sugar solution without inhibitors.

A new development in chemical detoxification is the possibility to per-
form the treatment in situ in the bioreactor by using reducing agents, such
as sulfur oxyanions or sulfhydryl reagents [39]. Reducing agents elimi-
nate the need for an extra process step for detoxification. Furthermore,
treatment with reducing agents also decreases problems with inhibition of
enzymatic hydrolysis [102]. The mechanism behind treatment with sul-
fur oxyanions such as bisulfite and dithionite was studied by Cavka et al.
[61], who found that the effect was due to sulfonation of inhibitors, which
rendered them unreactive and highly hydrophilic. The substances that are
sulfonated by sulfur oxyanions include phenolics [61], which is notewor-
thy considering indications that phenolics play a role in the inhibition of
enzymatic saccharification of cellulose [21,46].
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TABLE 2: Effects of alkaline treatment on monosaccharides and ethanol production.
System studied Detoxification Improvement in Effect on inhibitors | Reference
conditions fermentability and sugar
Spruce hydroly- | Ca(OH), pH 10, BEY*=98% Furan aldehydes, [33]
sate. S. cerevisiae 1h decrease: ~21%
BEY* (untreated’)= | Phenols, decrease:
1% ~19%
BEY* (reference®)= Sugar, decrease:
100% ~4%
NaOHpH 10,1 h BEY*=94% Furan aldehydes,
decrease: ~18%
BEY* (untreated®)= | Phenols, decrease:
71% ~18%
BEY* (reference®)= Sugar, decrease:
100% ~4%4
Bagasse hydroly- Ca(OH), pH 9, Q4 h)y:~1.3 Furan aldehydes, [97]
sate. E. coli 60°C, 0.5h g/Lh decrease: ~69%
No reference Phenols, decrease:
fermentation ~35%
Sugar, decrease:
~15%f
Ca(OH), pH 10, Q24 h):~1.0 Sugar, decrease:
60°C, 0.5 h g/Lh ~33%f
No reference
fermentation
Spruce hydroly- Ca(OH), pH 12, Q24 h)*: ~0.3 Furan aldehydes, [100]
sate. S. cerevisiae 60°C, 170 h g/Lh decrease: ~100%
No reference Phenols, increase:
fermentation ~150%
Sugar, decrease:
~68%¢
Ca(OH), pH 11, | Q(24 h)*:~0 g/Lh Furan aldehydes,
25°C,20h decrease: ~77%
Q48 h)*: ~0.3 Phenols, decrease:
g/Lh ~8%
No reference Sugar, decrease:
fermentation <5%:2
Bagasse hydroly- | Ca(OH), pH 10, BEY*=92% Furan aldehydes, [43]
sate. S. cerevisiae lh decrease: >25%
BEY* (untreated®)= | Phenols, decrease:
68% ~17%
BEY* (reference®)= Sugar, decrease:
100% ~1%"
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TABLE 2: CONTINUED.

Spruce hydroly- | Ca(OH), pH 11, BEY*= 120% Furan aldehydes, [49]
sate. S. cerevisiae 30°C,3 h decrease: ~59%
BEY* (untreated’)= | Phenols, decrease:
5% ~22%
BEYa (reference®)= Sugar, decrease:
100% ~14%"
Spruce hydroly- NH,OH pH 10, BEY*=110% Not determined [76]
sate. S. cerevisiae 22°C,3h BEY* (untreated®)=
10%
BEY* (reference®)=
100%
Spruce hydroly- NaOH pH 9, BEY*=111% Furan aldehydes, [77]
sate. S. cerevisiae 55°C,3h decrease: ~33%
BEY* (untreated®) Phenols, decrease:
=6% ~12%
BEY* (reference®) Sugar, decrease:
=100% ~9%¢
NH,OH pH 9, BEY*=120% Furan aldehydes,
55°C,3 h decrease: ~33%
BEY* (untreated®) Phenols, decrease:
=7% ~13%
BEY* (reference®) Sugar, decrease:
=100% ~7%:
Corn stover Ca(OH), pH 9, No reference Sugar, decrease: [101]
hydrolysate. Z. 50°C,0.5h fermentation. OEY' ~T%
mobilis =02%
Ca(OH), pH 10, No reference Sugar, decrease:
50°C,0.5h fermentation. OEY? ~13%
=70%.
Ca(OH), pH 11, No reference Sugar, decrease:
50°C,0.5h fermentation. OEY' ~29%
=59%

* Balanced ethanol yield given in percent of a reference fermentation of a sugar solution. °
Untreated hydrolysate. ¢ Reference sugar solution. ¢ Glucose, xylose, arabinose, galactose
mannose, and cellobiose. ¢ Ethanol productivity. " Glucose, xylose, arabinose, galactose,
and mannose. & Glucose, xylose, galactose, and mannose. " Glucose and mannose. f Overall
ethanol yield, yield calculated on sugars present prior to detoxification, given in percent of
the theoretical yield. | Glucose, xylose, and arabinose.
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4.2 CONCLUSIONS

Acid-catalyzed thermochemical pretreatment of lignocellulosic feedstocks
has several advantages: it is a simple and inexpensive approach for pretreat-
ment that efficiently improves the susceptibility to cellulolytic enzymes,
even for more recalcitrant types of lignocellulose. A drawback is the forma-
tion of by-products that inhibit enzymes and microorganisms in subsequent
biocatalytic conversion steps. However, rapid progress in several areas, such
as conditioning or detoxification of slurries and hydrolysates, fermentation
technology, and microbial resistance to inhibitors, makes acid pretreatment
into a highly competitive future alternative in the bioconversion of ligno-
cellulosic feedstocks. Management of inhibition problems is likely to be-
come more important in a development that favors flexibility with respect
to feedstocks, processes based on high dry-matter content and high product
concentrations, and recirculation of process water.

REFERENCES

1. Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert CA,
Frederick WJ Jr, Hallett JP, Leak DJ, Liotta CL, Mielenz JR, Murphy R, Templer
R, Tschaplinski T: The path forward for biofuels and biomaterials. Science 2006,
311:484-489.

2.  Lynd LR, Laser MS, Bransby D, Dale BE, Davison B, Hamilton R, Himmel M,
Keller M, McMillan JD, Sheehan J, Wyman CE: How biotech can transform biofu-
els. Nat Biotechnol 2008, 26:169-172.

3. Sims REH, Mabee W, Saddler JN, Taylor M: An overview of second generation
biofuel technologies. Bioresour Technol 2010, 101:1570-1580.

4. Metzger JO, Hiittermann A: Sustainable global energy supply based on lignocel-
Iulosic biomass from afforestation of degraded areas. Naturwissenschaften 2009,
96:279-288.

5. Wyman CE: What is (and is not) vital to advancing cellulosic ethanol. Trends Bio-
technol 2007, 25:153-157.

6. Sjostrom E, Alén R (Eds): Analytical methods in wood chemistry, pulping, and pa-
permaking. Berlin, Heidelberg: Springer-Verlag; 1999.

7. Rowell RM: Handbook of wood chemistry and wood composites. 2nd edition. Boca
Raton FL: CRC Press; 2012.



58

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

New Biotechnologies for Increased Energy Security: The Future of Fuel

Mabee WE, Gregg DJ, Arato C, Berlin A, Bura R, Gilkes N, Mirochnik O, Pan X,
Pye EK, Saddler JN: Updates on softwood-to-ethanol process development. Appl
Biochem Biotechnol 2006, 129-132:55-70.

Galbe M, Zacchi G: Pretreatment of lignocellulosic materials for efficient bioethanol
production. Adv Biochem Eng Biotechnol 2007, 108:41-65.

Cullis IF, Mansfield SD: Optimized delignification of wood-derived lignocellulosics
for improved enzymatic hydrolysis. Biotech Bioeng 2010, 106:884-893.

Shuai L, Yang Q, Zhu JY, Lu FC, Weimer PJ, Ralph J, Pan XJ: Comparative study
of SPORL and dilute-acid pretreatments of spruce for cellulosic ethanol production.
Bioresour Technol 2010, 101:3106-3114.

Arantes V, Saddler JN: Cellulose accessibility limits the effectiveness of minimum
cellulase loading on the efficient hydrolysis of pretreated lignocellulosic substrates.
Biotechnol Biofuels 2011, 4:3.

Viikari L, Alapuranen M, Puranen T, Vehmaanperi J, Siika-Aho M: Thermostable
enzymes in lignocellulose hydrolysis. Adv Biochem Eng Biotechnol 2007, 108:121-
145.

Arantes V, Saddler JN: Access to cellulose limits the efficiency of enzymatic hydro-
lysis: the role of amorphogenesis. Biotechnol Biofuels 2010, 3:4.

Van Zyl WH, Lynd LR, den Haan R, McBride JE: Consolidated bioprocessing for
bioethanol production using Saccharomyces cerevisiae. Adv Biochem Eng Biotech-
nol 2007, 108:205-235.

Dunlop MJ: Engineering microbes for tolerance to nextgeneration biofuels. Biotech-
nol Biofuels 2011, 4:32.

Teixeira MC, Godinho CP, Cabrito TR, Mira NP, S4-Correia I: Increased expression
of the yeast multidrug resistance ABC transporter Pdr18 leads to increased ethanol
tolerance and ethanol production in high gravity alcoholic fermentation. Microb Cell
Fact 2012, 11:98.

Andri¢ P, Meyer AS, Jensen PA, Dam-Johansen K: Reactor design for minimizing
product inhibition during enzymatic lignocellulose hydrolysis: I. Significance and
mechanism of cellobiose and glucose inhibition on cellulolytic enzymes. Biotechnol
Adv 2010, 28:308-324.

Podkaminer KK, Shao X, Hogsett DA, Lynd LR: Enzyme inactivation by ethanol
and development of a kinetic model for thermophilic simultaneous saccharification
and fermentation at 50°C with Thermoanaerobacterium saccharolyticum ALK2.
Biotech Bioeng 2011, 108:1268-1278.

Bezerra RMF, Dias AA: Enzymatic kinetic of cellulose hydrolysis - Inhibition by
ethanol and cellobiose. Appl Biochem Biotechnol 2005, 126:49-59.

Ximenes E, Kim Y, Mosier N, Dien B, Ladisch M: Inhibition of cellulases by phe-
nols. Enzyme Microb Tech 2010, 46:170-176.

Martin C, Galbe M, Nilvebrant N-O, Jonsson LJ: Comparison of the fermentability
of enzymatic hydrolysates of sugarcane bagasse pretreated by steam explosion using
different impregnating agents. Appl Biochem Biotechnol 2002, 98-100:699-716.
Popoft T, Theander O: Formation of aromatic compounds from carbohydrates: Part
III. Reaction of D-glucose and D-fructose in slightly acidic, aqueous solution. Acta
Chem Scand 1976, 30:397-402.



Bioconversion of Lignocellulose: Inhibitors and Setoxification 59

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fenske JJ, Griffin DA, Penner MH: Comparison of aromatic monomers in lignocel-
lulosic biomass prehydrolysates. J Ind Microbiol Biotechnol 1998, 20:364-368.
Chen SF, Mowery RA, Scarlata CJ, Chambliss CK: Compositional analysis of wa-
ter-soluble materials in corn stover. J Agric Food Chem 2007, 55:5912-5918.

Du B, Sharma LN, Becker C, Chen S-F, Mowery RA, van Walsum GP, Chambliss
CK: Effect of varying feedstock-pretreatment chemistry combinations on the for-
mation and accumulation of potentially inhibitory degradation products in biomass
hydrolysates. Biotech Bioeng 2010, 107:430-440.

Tran AV, Chambers RP: Red oak derived inhibitors in the ethanol fermentation of
xylose by Pichia stipitis CBS 5776. Biotechnol Lett 1985, 7:841-845.

Clark TA, Mackie KL: Fermentation inhibitors in wood hydrolysates derived from
the softwood Pinus radiata. ] Chem Tech Biotechnol 1984, 34:101-110.

Tran AV, Chambers RP: Lignin and extractives derived inhibitors in the 2,3-bu-
tanediol fermentation of mannose-rich prehydrolysates. Appl Microbiol Biotechnol
1986, 23:191-197.

Ando S, Arai I, Kiyoto K, Hanai S: Identification of aromatic monomers in steam-
exploded poplar and their influences on ethanol fermentation by Saccharomyces
cerevisiae. J Ferment Technol 1986, 64:567-570.

Burtscher E, Bobleter O, Schwald W, Concin R, Binder H: Chromatographic analy-
sis of biomass reaction products produced by hydrothermolysis of poplar wood. J
Chromatogr 1987, 390:401-412.

Luo C, Brink DL, Blanch HW: Identification of potential fermentation inhibitors
in conversion of hybrid poplar hydrolysate to ethanol. Biomass Bioenergy 2002,
22:125-138.

Larsson S, Reimann A, Nilvebrant N-O, Jonsson LJ: Comparison of different meth-
ods for the detoxification of lignocellulose hydrolysates of spruce. Appl Biochem
Biotechnol 1999, 77:91-103.

Persson P, Larsson S, Jonsson LJ, Nilvebrant N-O, Sivik B, Munteanu F, Thorneby
L, Gorton L: Supercritical fluid extraction of a lignocellulosic hydrolysate of spruce
for detoxification and to facilitate analysis of inhibitors. Biotech Bioeng 2002,
79:694-700.

Persson P, Andersson J, Gorton L, Larsson S, Nilvebrant N-O, Jonsson LJ: Effect
of different forms of alkali treatment on specific fermentation inhibitors and on the
fermentability of lignocellulose hydrolysates for production of fuel ethanol. J Agric
Food Chem 2002, 50:5318-5325.

Jonsson LJ, Palmqvist E, Nilvebrant N-O, Hahn-Hégerdal B: Detoxification of
wood hydrolysates with laccase and peroxidase from the white-rot fungus Trametes
versicolor. Appl Microbiol Biotechnol 1998, 49:691-697.

Klinke HB, Ahring BA, Schmidt AS, Thomsen AB: Characterization of degrada-
tion products from alkaline wet oxidation of wheat straw. Bioresour Technol 2002,
82:15-26.

Nilvebrant N-O, Reimann A, Larsson S, Jénsson LIJ: Detoxification of lignocellu-
lose hydrolysates with ion-exchange resins. Appl Biochem Biotechnol 2001, 91—
93:35-49.



60

39.

40.

41.

42.

43.

44,

45.

46.

47,

48.

49.

50.

51.

52.

53.

54.

New Biotechnologies for Increased Energy Security: The Future of Fuel

Alriksson B, Cavka A, Jonsson LJ: Improving the fermentability of enzymatic hy-
drolysates of lignocellulose through chemical in-situ detoxification with reducing
agents.Bioresour Technol 2011, 102:1254-1263.

Lowry GH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with the
Folin phenol reagent. J Biol Chem 1951, 193:265-275.

Larsson S, Quintana-Sainz A, Reimann A, Nilvebrant N-O, Jonsson LJ: Influence
of lignocellulose-derived aromatic compounds on oxygen-limited growth and etha-
nolic fermentation by Saccharomyces cerevisiae. Appl Biochem Biotechnol 2000,
84:617-632.

Keweloh H, Weyrauch G, Rehm H-J: Phenol-induced membrane changes in free and
immobilized Escherichia coli. Appl Microbiol Biotechnol 1990, 33:66-71.

Martin C, Galbe M, Wahlbom CF, Hahn-Hégerdal B, Jonsson LJ: Ethanol produc-
tion from enzymatic hydrolysates of sugarcane bagasse using recombinant xylose-
utilising Saccharomyces cerevisiae. Enzyme Microb Tech 2002, 31:274-282.
Chandel AK, Kapoor RK, Singh A, Kuhad RC: Detoxification of sugarcane bagasse
hydrolysate improves ethanol production by Candida shehatae NCIM 3501. Biore-
sour Technol 2007, 98:1947-1950.

Jurado M, Prieto A, Martinez-Alcald A, Martinez AT, Martinez MJ: Laccase detoxi-
fication of steam-exploded wheat straw for second generation bioethanol. Bioresour
Technol 2009, 100:6378-6384.

Kim Y, Ximenes E, Mosier NS, Ladisch MR: Soluble inhibitors/deactivators of cel-
lulase enzymes from lignocellulosic biomass. Enzyme Microb Tech 2011, 48:408-
415.

Ulbricht RJ, Sharon J, Thomas J: A review of 5-hydroxymethylfurfural HMF in
parental solutions. Fund Appl Toxicol 1984, 4:843-853.

Larsson S, Palmqvist E, Hahn-Hégerdal B, Tengborg C, Stenberg K, Zacchi G,
Nilvebrant N-O: The generation of fermentation inhibitors during dilute acid hydro-
lysis of softwood. Enzyme Microb Tech 1999, 24:151-159.

Sarvari Horvath I, Sjode A, Alriksson B, Jonsson LJ, Nilvebrant N-O: Critical con-
ditions for improved fermentability during overliming of acid hydrolysates from
spruce. Appl Biochem Biotechnol 2005, 121-124:1031-1044.

Pampulha ME, Loureiro-Dias MC: Combined effect of acetic acid, pH and ethanol
on intracellular pH of fermenting yeast. Appl Microbiol Biotechnol 1989, 31:547-
550.

Verduyn C, Postma E, Scheffers WA, Van Dijken JP: Physiology of Saccharomyces
cerevisiae in anaerobic glucose-limited chemostat cultures. J Gen Microbiol 1990,
136:305-319.

Viegas CA, Sa-Correia I: Activation of plasma membrane ATPase of Saccharomyces
cerevisiae by octanoic acid. J] Gen Microbiol 1991, 137:645-651.

Verduyn C, Postma E, Scheffers WA, Van Dijken JP: Effect of benzoic acid on meta-
bolic fluxes in yeast: a continuous-culture study on the regulation of respiration and
alcoholic fermentation. Yeast 1992, 8:501-517.

Norman C, Howell KA, Millar AH, Whelan JM, Day DA: Salicylic acid is an uncou-
pler and inhibitor of mitochondrial electron transport. Plant Physiol 2004, 134:492-
501.



Bioconversion of Lignocellulose: Inhibitors and Setoxification 61

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Chung IS, Lee YY: Ethanol fermentation of crude acid hydrolyzate of cellulose us-
ing high-level yeast inocula. Biotech Bioeng 1985, 27:308-315.

Liu ZL, Slininger PJ, Dien BS, Berhow MA, Kurtzman CP, Gorsich SW: Adap-
tive response of yeast to furfural and 5-hydroxymethylfurfural and new chemical
evidence for HMF conversion to 2,5-bis-hydroxymethylfuran. J Ind Microbiol Bio-
technol 2004, 31:345-352.

Diaz De Villegas ME, Villa P, Guerra M, Rodriguez E, Redondo D, Martinez A:
Conversion of furfural into furfuryl alcohol by Saccharomyces cerevisiae. Acta Bio-
technol 1992, 12:351-354.

Sarvari Horvath I, Franzén CJ, Taherzadeh MJ, Niklasson C, Lidén G: Effects of fur-
fural on the respiratory metabolism of Saccharomyces cerevisiae in glucose-limited
chemostats. Appl Environ Microbiol 2003, 69:4076-4086.

Taherzadeh MJ, Gustafsson L, Niklasson C, Lidén G: Physiological effects of 5-hy-
droxymethylfurfural on Saccharomyces cerevisiae. Appl Microbiol Biotechnol
2000, 53:701-708.

Wahlbom CF, Hahn-Hégerdal B: Furfural, 5-hydroxymethyl furfural, and acetoin act
as external electron acceptors during anaerobic fermentation of xylose in recombi-
nant Saccharomyces cerevisiae. Biotech Bioeng 2002, 78:172-178.

Cavka A, Alriksson B, Ahnlund M, Jonsson LJ: Effect of sulfur oxyanions on lig-
nocellulose-derived fermentation inhibitors. Biotech Bioeng 2011, 108:2592-2599.
Martinez A, Rodriguez ME, York SW, Preston JF, Ingram LO: Effects of Ca(OH)2
treatments (“overliming”) on the composition and toxicity of bagasse hemicellulose
hydrolysates. Biotech Bioeng 2000, 69:526-536.

Liu ZL: Molecular mechanisms of yeast tolerance and in situ detoxification of ligno-
cellulose hydrolysates. Appl Microbiol Biotechnol 2011, 90:809-825.

Wadskog I, Adler L: Ion homeostasis in Saccharomyces cerevisiae under NaCl
stress. In Yeast stress response. Edited by Hohmann S, Mager WH. Berlin: Springer-
Verlag; 2003:201-240.

Helle S, Cameron D, Lam J, White B, Duff S: Effect of inhibitory compounds found
in biomass hydrolysates on growth and xylose fermentation by a genetically engi-
neered strain of S. cerevisiae. Enzyme Microb Tech 2003, 33:786-792.

Maiorella BL, Blanch HW, Wilke CR: Feed component inhibition in ethanolic fer-
mentation by Saccharomyces cerevisiae. Biotech Bioeng 1984, 26:1155-1166.
Alexandre H, Charpentier C: Biochemical aspects of stuck and sluggish fermenta-
tion in grape must. J Ind Microbiol Biot 1998, 20:20-27.

Lin Y, Tanaka S: Ethanol fermentation from biomass resources: current state and
prospects. Appl Microbiol Biotechnol 2006, 69:627-642.

Palmgqyvist E, Grage H, Meinander NQ, Hahn-Hégerdal B: Main and interaction ef-
fects of acetic acid, furfural, and p-hydroxybenzoic acid on growth and ethanol pro-
ductivity of yeasts. Biotech Bioeng 1999, 63:46-55.

Zaldivar J, Ingram LO: Effect of organic acids on the growth and fermentation of
ethanologenic Escherichia coli LYO01. Biotech Bioeng 1999, 66:203-210.

Klinke HB, Olsson L, Thomsen AB, Ahring BK: Potential inhibitors from wet oxi-
dation of wheat straw and their effect on ethanol production of Saccharomyces cere-
visiae: wet oxidation and fermentation by yeast. Biotech Bioeng 2003, 81:738-747.



62

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

New Biotechnologies for Increased Energy Security: The Future of Fuel

Olofsson K, Bertilsson M, Lidén G: A short review on SSF — an interesting process
option for ethanol production from lignocellulosic feedstocks. Biotechnol Biofuels
2008, 1:7.

Pienkos PT, Zhang M: Role of pretreatment and conditioning processes on toxicity
of lignocellulosic biomass hydrolysates. Cellulose 2009, 16:743-762.

Parawira W, Tekere M: Biotechnological strategies to overcome inhibitors in lig-
nocellulose hydrolysates for ethanol production: review. Crit Rev Biotechnol 2011,
31:20-31.

Cantarella M, Cantarella L, Gallifuoco A, Spera A, Alfani F: Comparison of differ-
ent detoxification methods for steam-exploded poplar wood as a substrate for the
bioproduction of ethanol in SHF and SSF. Proc Biochem 2004, 39:1533-1542.
Alriksson B, Sjode A, Sarvari Horvath I, Nilvebrant N-O, Jonsson LJ: Ammonium
hydroxide detoxification of spruce acid hydrolysates. Appl Biochem Biotechnol
2005, 121-124:911-922.

Alriksson B, Sjode A, Nilvebrant N-O, Jonsson LJ: Optimal conditions for alkaline
detoxification of dilute-acid lignocellulose hydrolysates. Appl Biochem Biotechnol
2006, 129-132:599-611.

Ranatunga TD, Jervis J, Helm RF, McMillan JD, Wooley RJ: The effect of overlim-
ing on the toxicity of dilute acid pretreated lignocellulosics: The role of inorganics,
uronic acids and ether-soluble organics. Enzyme Microb Tech 2000, 27:240-247.
ZhuJ, Yong Q, Xu 'Y, Yu S: Detoxification of corn stover prehydrolyzate by trialkyl-
amine extraction to improve the ethanol production with Pichia stipitis CBS 5776.
Bioresour Technol 2011, 102:1663-1668.

Parajé JC, Dominguez H, Dominguez JM: Improved xylitol production with De-
baryomyces hansenii Y-7426 from raw or detoxified wood hydrolysates. Enzyme
Microb Tech 1997, 21:18-24.

Sarvari Horvath 1, Sjode A, Nilvebrant N-O, Zagorodni A, Jonsson LJ: Selection of
anion exchangers for detoxification of dilute-acid hydrolysates from spruce. Appl
Biochem Biotechnol 2004, 114:525-538.

Bjorklund L, Larsson S, Jonsson LJ, Reimann A, Nilvebrant N-O: Treatment with
lignin residue - a novel method for detoxification of lignocellulose hydrolysates.
Appl Biochem Biotechnol 2002, 98-100:563-575.

Lépez MJ, Nichols NN, Dien BS, Moreno J, Bothast RJ: Isolation of microorgan-
isms for biological detoxification of lignocellulosic hydrolysates. Appl Microbiol
Biotechnol 2004, 64:125-131.

Nichols NN, Sharma LN, Mowery RA, Chambliss CK, van Walsum GP, Dien BS,
Iten LB: Fungal metabolism of fermentation inhibitors present in corn stover dilute
acid hydrolysate. Enzyme Microb Tech 2008, 42:624-630.

Palmqvist E, Hahn-Hégerdal B, Szengyel Z, Zacchi G, Réczey K: Simultaneous
detoxification and enzyme production of hemicellulose hydrolysates obtained after
steam pretreatment. Enzyme Microb Tech 1997, 20:286-293.

Okuda N, Soneura M, Ninomiya K, Katakura Y, Shioya S: Biological detoxification
of waste house wood hydrolysate using Ureibacillus thermosphaericus for bioetha-
nol production. J Biosci Bioeng 2008, 106:128-133.



Bioconversion of Lignocellulose: Inhibitors and Setoxification 63

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Wingren A, Galbe M, Zacchi G: Techno-economic evaluation of producing ethanol
from softwood: comparison of SSF and SHF and identification of bottlenecks. Bio-
technol Prog 2003, 19:1109-1117.

Wingren A, Galbe M, Roslander C, Rudolf A, Zacchi G: Effect of reduction in yeast
and enzyme concentrations in a simultaneous-saccharification-and-fermentation-
based bioethanol process. Appl Biotechnol Biochem 2005, 122:485-500.

Larsson S, Cassland P, Jonsson LJ: Development of a Saccharomyces cerevisiae
strain with enhanced resistance to phenolic fermentation inhibitors in lignocellulose
hydrolysates by heterologous expression of laccase. Appl Environ Microbiol 2001,
67:1163-1170.

Larsson S, Nilvebrant N-O, Jonsson LJ: Effect of overexpression of Saccharomyces
cerevisiae Padlp on the resistance to phenylacrylic acid and lignocellulose hydro-
lysates under aerobic and oxygen-limited conditions. Appl Microbiol Biotechnol
2001, 57:167-174.

Petersson A, Almeida JRM, Modig T, Karhumaa K, Hahn-Hdgerdal B, Gorwa-
Grauslund MF, Lidén G: A 5-hydroxymethyl furfural reducing enzyme encoded
by the Saccharomyces cerevisiae ADH6 gene conveys HMF tolerance. Yeast 20006,
23:455-464.

Gorsich SW, Dien BS, Nichols NN, Slininger PJ, Liu ZL, Skory CD: Tolerance to
furfural-induced stress is associated with pentose phosphate pathway genes ZWF1,
GND1, RPEI, and TKL1 in Saccharomyces cerevisiae. Appl Microbiol Biotechnol
2006, 71:339-349.

Hasunuma T, Sanda T, Yamada R, Yoshimura K, Ishii J, Kondo A: Metabolic path-
way engineering based on metabolomics confers acetic and formic acid tolerance to
a recombinant xylose-fermenting strain of Saccharomyces cerevisiae. Microb Cell
Fact 2011, 10:2.

Hasunuma T, Sung K, Sanda T, Yoshimura K, Matsuda F, Kondo A: Efficient fer-
mentation of xylose to ethanol at high formic acid concentrations by metabolically
engineered Saccharomyces cerevisiae. Appl Microbiol Biotechnol 2011, 90:997-
1004.

Alriksson B, Sarvari Horvath I, Jonsson LJ: Overexpression of Saccharomyces
cerevisiae transcription factor and multidrug resistance genes conveys enhanced
resistance to lignocellulose-derived fermentation inhibitors. Proc Biochem 2010,
45:264-271.

Nevoigt E: Progress in metabolic engineering of Saccharomyces cerevisiae. Micro-
biol Mol Biol Rev 2008, 72:379-412.

Martinez A, Rodriguez ME, Wells ML, York SW, Preston JF, Ingram LO: Detoxi-
fication of dilute acid hydrolysates of lignocellulose with lime. Biotechnol Progr
2001, 17:287-293.

Van Zyl C, Prior BA, Du Preez JC: Production of ethanol from sugarcane bagasse
hemicellulose hydrolyzate by Pichia stipitis. Appl Biochem Biotechnol 1988,
17:357-369.

Nilvebrant N-O, Persson P, Reimann A, de Sousa F, Gorton L, Jonsson LJ: Limits
for alkaline detoxification of dilute-acid lignocellulose hydrolysates. Appl Biochem
Biotechnol 2003, 105-108:615-628.



64

New Biotechnologies for Increased Energy Security: The Future of Fuel

100. Millati R, Niklasson C, Taherzadeh MJ: Effect of pH, time and temperature of over-

101.

102.

liming on detoxification of dilute-acid hydrolyzates for fermentation by Saccharo-
myces cerevisiae. Proc Biochem 2002, 38:515-522.

Mohagheghi A, Ruth M, Schnell DJ: Conditioning hemicellulose hydrolysates for
fermentation: effects of overliming pH on sugar and ethanol yields. Proc Biochem
2006, 41:1806-1811.

Soudham VP, Alriksson B, Jonsson LJ: Reducing agents improve enzymatic hy-
drolysis of cellulosic substrates in the presence of pretreatment liquid. J Biotechnol
2011, 155:244-250.



PART Il

ADVANCED MICROBIAL
TECHNOLOGIES






CHAPTER 5

Microbial Production of Sabinene—
A New Terpene-Based Precursor of
Advanced Biofuel

HAIBO ZHANG, QIANG LIU, YUJIN CAO, XINJUN FENG,
YANNING ZHENG, HUIBIN ZOU, HUI LIU, JIANMING YANG,
AND MO XIAN

5.1 BACKGROUND

Progresses in metabolic engineering and synthetic biology boost the engi-
neering of microbes to produce advanced biofuels [1-3]. Among the bio-
based fuels, terpenes, which are derived from the head-to-tail condensation
of dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate
(IPP), and traditionally used in flavorings, fragrances [4], medicines and
fine chemicals [5,6], have the potentials to serve as advanced biofuel pre-
cursors [7-9].

Terpenes are a large and diverse class of organic compounds, which
are mainly produced by a variety of plants. They are generated from the
common precursors, IPP and DMAPP, which can be produced from the
methylerythritol 4-phosphate (MEP) pathway or the mevalonate (MVA)

Microbial Production of Sabinene—A New Terpene-Based Precursor of Advanced Biofuel. © 2014
Zhang et al.; licensee BioMed Central Ltd. Microbial Cell Factories 2014, 13:20 doi:10.1186/1475-
2859-13-20. Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0).
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pathway (Figure 1) [10]. Although many microorganisms harbor the MEP
pathway or MVA pathway to supply the intermediates DMAPP and IPP,
they are unable to produce the monoterpenes for the lack of monoterpenes
synthases. With the rising demand for advanced fuels, terpene-based ad-
vance fuels attract more attentions. Many researchers explored microbial
methods of monoterpene productions by introducing heterologous mono-
terpene synthase, including 3-carene, limonene, pinene and bisabolene.
Reiling et al. engineered E. coli strain with overexpression native 1-de-
oxy-D-xylulose-5-phosphate synthase (DXS), farnesyl diphosphate syn-
thase (IspA), IPP isomerase (IPIHp) from Haematococcus pluvialis, and
3-carene cyclase from Picea abies, which can accumulate a 3-carene titer
of about 3 pg/L/OD after 8 h production [11]. Carter et al. constructed a
monoterpene biosynthesis pathway in E. coli with a titer of about 5 mg/L
limonene production using the native MEP pathway [12]. Bisabolene,
a-pinene et al. had been produced using MVA heterologous pathway in
microorganisms [9,13,14].

Sabinene (CAS: 3387-41-5), a perfume additive, is being explored as
the components for the next generation aircraft fuel [7,8]. Meanwhile, sa-
binene contributes to the spiciness of black pepper, is a principal com-
ponent of carrot seed oil, and occurs at a low concentration in tea tree
oil. Currently, sabinene is extracted from plants, which is inefficient and
requires substantial expenditure of natural resources because of the low
content of them [15]. Though sabinene was found in the culture of an en-
dophytic Phomopsis sp. as a component of its volatile organic compounds,
further work need to be done for microbial production method because
of the low tilter in the mixture [16]. Consequently, green and sustainable
microbial technologies, which could engineer microorganisms to convert
renewable resources from biomass to biobased advanced biofuels, pro-
vided an alternative strategy [17-19].

In this paper, sabinene was significantly produced by assembling a bio-
synthetic pathway using the MEP or heterologous MVA pathway combin-
ing the GPP and sabinene synthase genes in an engineered E. coli strain.
Subsequently, the culture medium and process conditions were optimized
to enhance sabinene production. Finally, fed-batch fermentation of sa-
binene was evaluated using the optimized culture medium and process
conditions.
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5.2 RESULTS AND DISCUSSION
5.2.1 CHARACTERIZATION OF SABINENE BY GC-MS

E. coli cannot produce sabinene because of the absence of sabinene syn-
thase, though it possesses a native MEP pathway which can supply the
intermediates DMAPP and IPP (Figure 1). Consequently, sabinene syn-
thase (SabS1) derived from Salvia pomifera was introduced into the E.
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FIGURE 1: Sabinene biosynthesis pathway. Gene symbols and the enzymes they encode
(all genes marked with black arrows were from E. faecalis, all genes marked with white
arrows were isolated from S. cerevisiae, the gene marked with gray arrows and black
characters were derived from A. grandis or S. pomifera, and the gene marked with gray
arrows and white characters were native genes in E. coli). Enzymes in MVA pathway:
MvaE, acetyl-CoA acetyltransferase/HMG-CoA reductase; MvaS, HMG-CoA synthase;
ERG12, mevalonate kinase; ERGS, phosphomevalonate kinase; ERG19, mevalonate
pyrophosphate decarboxylase; IDI, IPP isomerase; 4. grandis geranyl diphosphate
synthase (GPPS2) and S. pomifera sabinene synthase (SabS1) were optimized to the
preferred codon usage of E. coli. Enzymes in MEP pathway: DXS, DXP synthase; DXR,
DXP reductoisomerase; MCT, CDP-ME synthase; CMK, CDP-ME kinase; MDS, ME-
cPP synthase; HDS, HMBPP synthase: HDR, HMBPP reductase; IDI, IPP isomerase.
Intermediates in MVA pathway: A-CoA, acetyl-CoA; AA-CoA, acetoacetyl-CoA; HMG-
CoA, hydroxymethylglutaryl-CoA; Mev-P, mevalonate 5-phosphate; Mev-PP, mevalonate
pyrophosphate. IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate;
GPP, geranyl diphosphate. Intermediates in MEP pathway: G3P, glyceraldehyde
3-phosphate; DXP, 1-deoxy-D-xylulose S5-phosphate; MEP, 2-C-methyl-D-erythritol
4-phosphate; CDP-ME, 4-(cytidine-5'-diphospho)-2-C-methyl-D-erythritol; CDP-MEP,
2-phospho-4-(cytidine-5'-di-phospho)-2-C-methyl-D-erythritol; ME-cPP, 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate; HMBPP, 4-hydroxy-3-methylbut-2-enyl diphosphate;
IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate..
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coli strain (HB1), to synthesize sabinene. However, after 36 h of incuba-
tion of the modified strain, only trace of the target product could be de-
tected by GC-MS (data not shown), based on the relative retention time
and total ion mass spectral comparison with the external standard. The
main reason might lie in the insufficiency of GPP in the host, because the
wild E. coli seldom produces terpene. Hence, the native gene IspA from
E. coli W3100, which encodes farnesyl diphosphate synthase, was added
to enhance the metabolic flux into GPP by catalyzing the conversion of
DMAPP and IPP. The gene IspA combining with the sabinene synthase
gene (SabS1) was ligated into pACYCDuet-1 to create the plasmid pHB3
(pACY-IspA-SabS1). The E. coli strain harboring pHB3 was inoculated
in the initial fermentation medium and incubated at 37°C with shaking at
180 rpm in shake-flasks. IPTG was added to a final concentration of 0.5
mM when its OD600 reached 0.6-0.9, and culture was further maintained
at 37°C for 24 h. The off-gas from the headspace of the sealed cultures
was tested by GC-MS. The engineered E. coli BL21(DE3) strain harbor-
ing the native IspA gene and SabS1 from S. pomifera produced sabinene
in detectable quantities (shown in Figure 2). Thus, using the MEP path-
way and SabS1 from S. pomifera, the biosynthetic pathway for sabinene
production was successfully constructed in E. coli BL21(DE3). The result
also indicated that introduction of GPP synthase was beneficial to enhance
the metabolic flux into GPP which would improve the sabinene products
efficiently.

5.2.2 SCREENING OF GPP SYNTHASES

GPP synthase, is one of the rate-limiting enzyme in the sabinene synthe-
sis of E. coli BL21(DE3) [20]. An effective method to optimize pathway
efficiency may be to use genes of rate-limiting enzymes from different
organisms [21]. In this study, GPPS enzymes from Abies grandis (GPPS2)
and E. coli were evaluated to enhance the supply of GPP.

The GPPS2 gene from A. grandis or IspA gene from E. coli was cloned
into the plasmid pACYCDuet-1 along with the sabinene synthase gene
(SabS1) to create the plasmid pHB3 or pHBS, respectively, which were
subsequently harbored by E. coli BL21(DE3) to screen the GPP synthase,
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FIGURE 2: GC-MS analysis of sabinene from the headspace of the sealed cultures of
strain HB2. Cultures were induced at 37°C, OD600=0.6-0.9, and final concentration of
0.25 mM IPTG. By comparing with the authoritative sabinene (A, B), the capacities of
sabinene biosynthesis were verified. A, C, total ion chromatogram (TIC); C, D, mass
spectrum. Based on the relative retention time and total ion mass spectral comparison with
an external standard, sabinene production was identified.

because of the difficulty in detecting and quantifying GPP. The strains
HB2 (harboring pHB3) and HB3 (harboring pHBS5) were cultured in 600-
ml shake-flasks with 100 ml of fermentation medium. When each culture
reached an OD600 of 0.6-0.9, expression of GPP synthase and sabinene
synthase was induced by 0.25 mM IPTG, and the culture was further incu-
bated at 37°C for 24 h. A noticeable difference in sabinene production was
observed between the two strains. The strain HB3 produced 2.07 mg/L
sabinene, while the strain HB2 produced 0.96 mg/L (Figure 3A). This
result demonstrates that the exogenous expression of GPPS contributed
to the sabinene production, and the enzyme activity of GPPS2 from A.
grandis was higher than that of IspA from E. coli W3100. IspA could give
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FIGURE 3: Effect of GPP synthase and metabolic pathway on sabinene production. A:
Effect of GPP synthase. GPPS1, GPP synthase form A. grandis; IspA, GPP synthase
from E. coli. B: Effect of metabolic pathway on sabinene production, the pathway details
were described in Figure 1. The strain harboring GPPS2 can produce 2.2-fold higher
concentration of sabinene than IspA, while the strain harboring MVA pathway can produce
20-fold higher concentration of sabinene than MEP pathway.

substantial amounts of the larger prenyl diphosphates, FPP and GGPP, in
addition to GPP [22], that was why GPPS2 from A. grandis was more ef-
ficient than IspA in the synthesis of GPP. Hence, the GPPS2 was selected
to enhance GPP production in the following experiments.

5.2.3 SCREENING OF SYNTHETIC
PATHWAYS FOR SABINENE PRODUCTION

The hybrid exogenous MVA pathway is effective to synthesize DMAPP
and IPP according to previous experimental data. The recombinant strain
HB4 (E. coli harboring the MVA pathway, GPPS and sabinene synthase)
and strain HB3 (£. coli harboring the native MEP pathway, GPPS synthase
and sabinene synthase) were cultured to test the effect of the MVA pathway
on the production of sabinene, in fermentation medium under shake-flask
conditions. The sabinene titer of strain HB4 reached 44.74 mg/L after be-
ing induced by 0.25 mM IPTG for 24 h with glycerol as carbon source and
beef powder as nitrogen source (Figure 3B). The titer was about 20-fold
higher than that of the strain HB3 cultured at the same conditions.
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These results indicated that the hybrid MVA pathway caused a huge
increase in sabinene production, which was accordant with the production
of other terpenes using a hybrid exogenous MVA pathway in engineered
E. coli strains [23]. One reason for the inefficiency of MEP approach was
the regulatory mechanisms present in the native host [24]. This limitation
was also confirmed by experiments on isoprene production using the MEP
or MVA pathway [23,25]. It is because the hybrid exogenous MVA path-
way is effective to synthesize DMAPP and IPP, which are the precursors
of GPP. Consequently, we hypothesized that the engineered strain with the
hybrid exogenous MVA pathway could further enhance the production of
sabinene. Therefore, the strain HB4 harboring the hybrid exogenous MVA
pathway was chosen for further experiments.

5.2.4 OPTIMIZATION OF FERMENTATION
MEDIUM AND CULTURE CONDITIONS

Fermentation medium and culture conditions play a vital role in the for-
mation, concentration and yield of the end product [26], and they also
provide data for fed-batch fermentation. Optimizing fermentation medium
and culture conditions for strains can make the fed-batch fermentation
easy to get higher quality and quantity products. In this study, the one-
factor-at-a-time method, which is based on the classical method of chang-
ing one independent variable while fixing all others [27,28], is applied
to optimize medium components as well as process conditions. The four
most important factors, carbon source, organic nitrogen source, induction
temperature, and inducer concentration were optimized to improve sabi-
nene production, using the strain HB4.

5.2.5 EFFECT OF ORGANIC NITROGEN
SOURCE ON SABINENE PRODUCTION

The source of the nitrogen in the medium, especially the organic, which
can also provide trace nutrition for micro-being, plays an important role
in improving the biosynthesis of desired products [29]. Four different or-
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ganic nitrogen sources were assessed to investigate the effect of organic
nitrogen source on sabinene production (Figure 4A). Beef powder permit-
ted a little higher sabinene production than other organic nitrogen sources,
among the organic nitrogen supplements tried. The highest concentration
of sabinene was 23.20 mg/L, which was about 1.4 times as much as the

lowest observed yeast extract.
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FIGURE 4: Effects of fermentation source and culture conditions on sabinene production
by HB4. A: Effect of nitrogen sources on sabinene production; B: Effect of carbon sources
on sabinene production; C: Effect of temperatures on sabinene production; D: Effect of the
concentration of inducer on sabinene production. When OD600 reached 0.6-0.9, cultures
were induced for 24 h using IPTG in shake-flasks. All the experiments were performed in
triplicates. Optimized conditions: Nitrogen sources, beef power; Carbon source, glycerol;
Temperature, 31°C; IPTC concentration, 0.1 mM.
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5.2.6 EFFECT OF CARBON SOURCE
ON SABINENE PRODUCTION

The source of carbon is the main feedstock in most fermentation media;
therefore, finding efficient and cheap carbon source for sabinene produc-
tion is important. In this study, mostly used carbon source glucose and
glycerol were applied to investigate the effect of carbon source on sa-
binene production. As is shown in Figure 4B, the glycerol permitted a
little higher sabinene production than glucose. The highest concentration
of sabinene was 41.45 mg/L, which was about 2.03 times as much as that
of glucose as carbon source.

5.2.7 EFFECT OF INDUCTION TEMPERATURE ON SABINENE
PRODUCTION

In this study, the induction temperatures of 25°C, 28°C, 31°C, 34°C and
37°C were tried to increase sabinene production. As is shown in Figure 4C,
the maximum sabinene production was observed at 31°C, at 71.50 mg/L
with beef power as nitrogen source and glycerol as carbon source. It was
about 2 times greater than that observed at 25°C (36.12 mg/L), and 37°C
(36.19 mg/L). The enzyme expression, cell growth and product forma-
tion should be balanced in a successful control of cultivation temperature.
Because low temperatures decrease the inclusion bodies in genetically en-
gineered E. coli, the activities of recombinant enzymes can be enhanced
by low induction temperatures (25°C or 30°C) [30,31]. Hence, the optimal
induction temperature for sabinene production was around 31°C.

5.2.8 EFFECT OF INDUCER CONCENTRATION ON SABINENE
PRODUCTION

To optimize the inducer concentration, various IPTG concentrations,
ranging from 0.05 mM to 1 mM, were tested. The production of sabinene
reached a maximum of 82.18 mg/L at the IPTG concentration of 0.1 mM,
which was about 2.45 times greater than those observed at 1.0 mM (33.14
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mg/L). The level of IPTG used can be varied to adjust the extent of the
metabolic burden imposed on the cell [32], which can result in reduced
growth rates, cell yields, protein expression, and plasmid stability [33,34].

Therefore, the most suitable medium was using beef powder and glyc-
erol as the nitrogen and carbon source, respectively, and optimal culture
temperature for sabinene production was 31°C at the concentration of 0.1
mM IPTG using the engineered strain HB4.

5.2.9 TOXICITY OF COMMERCIAL SABINENE TO E. COLI

Toxicity of sabinene to the overproducing organism plays an important
role in the biosynthetic process. The commercial sabinene imparts toxicity
to E. coli when added exogenously to the medium (Figure 5). The E. coli
cell growth was comparable at 0 g/L and up to 5 g/L of exogenously added
sabinene. Though the log phase of E. coli was prolonged with about 12 h
by even 0.5 g/L sabinene compared with the control, it can grow in 5 g/L
sabinene with inhibiting rates of 70% after inoculation and cultured for 36
hours (Figure 5). The results indicated that sabinene can be produced with
the engineered E. coli, but the production tolerance cannot be neglected to
get high titers.

The toxicity of products to the hosts is common in biosynthesis of
biofuels and chemicals [3,35]. Expression of efflux pumps, heat shock
proteins, membrane modifying proteins, and activation of general stress
response genes all can improve tolerance of the hosts [2,3,36]. Further-
more, in situ product removal and membrane technology both can be used
in the production of sabinene to get high titers [37].

5.2.10 FED-BATCH CULTURE OF THE ENGINEERED STRAINS

Fed-batch fermentation was carried out using the engineered E. coli
BL21(DE3) strain simultaneously harboring plasmids pHB7 and pTrcLow-
er, in the optimized medium and culture conditions, to further determine
the ability of the engineered strain to produce sabinene at high yield. Glyc-
erol was added continuously when the initial carbon source was exhausted
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FIGURE 5: The growth of E. coli in LB medium with different concentration of commercial
sabinene. The growth of the bacterial culture was determined by measuring the OD600 (the
optical density at 600 nm) with a spectrophotometer (Cary 50 UV-Vis, Varian) at 4 h, 7 h,
11 h, 14 h, 17 h, 20 h, 24 h and 36 h. The concentrations of sabinene were added to the LB
medium as follows: 0 g/L (m), 0.5 g/L (®), 1 g/L (A),2.5g/L(V),5g/L ().

which was indicated by the sharp rise of DO. As is shown in Figure 6,
sabinene production increased rapidly from 4 h to 20 h after induction.
After the cultures were induced for 24 h, sabinene reached a maximum
concentration of 2.65 g/L with an average productivity of 0.018 g/h/g dry
cells, and the conversion efficiency of glycerol to sabinene (gram to gram)
reached 3.49%.

The maximum cell density of the engineered strain reached only about
14, four hours after being induced with IPTG, with a sabinene titer of no
more than 0.5 g/L, which was rather low for the fed-batch fermentation of
E. coli strains. The main reason for the low cell mass of E. coli strain may
lie in the retardation of cell growth resulting from toxicity of the product,
which was proved by the experiment of toxicity. Meanwhile, overexpres-
sion of many heterologous genes may be another reason. To resolve the
above-mentioned problems, many possible improvements can be achieved
to enhance sabinene production. One approach is to optimize the fermen-
tation process by increasing cell density to elevate the yield of products
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FIGURE 5: The time course of sabinene production by HB4 harboring pHB7 and pTrcLower
in fed-batch fermentation. sabinene accumulation (m) and cell growth (A). Induction was
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¢/L with an average productivity of 0.018 g h'' g! dry cells, and the conversion efficiency
of glycerol to sabinene (gram to gram) was 3.49%.

[38,39], using in situ product removal, membrane technology or dissocia-
tion of growth or cell mass formation from product formation to reduce
the toxicity of sabinene [37]. Another approach is engineering of the host
including: employing a chromosome integration technique to decrease the
cell growth burden on the host that results from overexpression of heter-
ologous genes [9], expression of efflux pumps, heat shock proteins, mem-
brane modifying proteins, and activation of general stress response genes
to improve tolerance of the host to sabinene [2,3,36].

5.3 CONCLUSIONS

In this study, sabinene was significantly produced by assembling a bio-
synthetic pathway using the MEP or heterologous MVA pathway com-
bining the GPP and sabinene synthase genes in an engineered E. coli
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strain. Subsequently, the culture medium and process conditions were
optimized to enhance sabinene production. Finally, we also evaluated
the fed-batch fermentation of sabinene using the optimized culture me-
dium and process conditions, sabinene reached a maximum concentra-
tion of 2.65 g/L with an average productivity of 0.018 g/h/g dry cells,
and the conversion efficiency of glycerol to sabinene (gram to gram)
reached 3.49%. As far as we know, this is the first report of biosynthe-
sis of sabinene using an engineered E. coli strain with the renewable
carbon source as feedstock. Therefore, a green and sustainable produc-
tion strategy has been provided for sabinene from renewable sources
in E. coli.

5.4 METHODS AND MATERIALS

5.4.1 PLASMIDS, BACTERIAL STRAINS,
AND GROWTH CONDITIONS

All plasmids and strains used in this study are listed in Table 1. E. coli
BL21(DE3) (Invitrogen, Carlsbad, CA) was used as the host to overex-
press proteins and produce sabinene. Cultures were grown aerobically
at 37°C in Luria Broth (tryptone 10 g/L, NaCl 10 g/L, and yeast extract
5 g/L at pH 7.0-7.4). For initial production of sabinene experiments in
shake-flasks, strains were grown in a medium (initial production medium)
[40] consisting of the following: 20 g/L glucose, 9.8 g/L K HPO,, 5 g/L
beef extract, 0.3 g/L ferric ammonium citrate, 2.1 g/L citric acid mono-
hydrate, 0.06 g/L MgSO, and 1 ml/L of trace element solution, which in-
cluded (NH4)6M07024-4H20 0.37 g/L, ZnSO,-7H20 0.29 g/L, H3BO4
2.47 g/L, CuS0O4-5H20 0.25 g/L, and MnCI2-4H20 1.58 g/L. Ampicillin
(Amp, 100 pg/mL) and chloramphenicol (Cm, 34 ug/mL) was added if
necessary.

Biosensor equipped with glucose oxidase membrane electrodes (Shan-
dong Academy of Sciences, Jinan, China) was applied to determine the
concentration of glucose.



80 New Biotechnologies for Increased Energy Security: The Future of Fuel

TABLE 1: Plasmids and strains used in this study.

Name Relevant characteristics References
Plasmids
pACYCDuet-1 P15A origin; Cm®; PT7 Novagen
pTrcHis2B ColELl origin; Amp®; P Invitrogen
pGH pUC origin; Amp®; P, Generay
pTrcLower ColE1 origin; Amp®; P_:: ERG12-ERG8- [42]
ERG19-IDI1
pHBI P15A origin; Cm®; P_:: SabS1 This work
pHB2 P15A origin; Cm"; P__::IspA This work
pHB3 P15A origin; Cm®; P__::IspA-SabS1 This work
pHB4 P15A origin; Cm®; P_:: GPPS2 This work
pHB5 P15A origin; Cm®; P_:: GPPS2-SabS1 This work
pHB6 P15A origin; Cm"®; P_:: mvaE-GPPS2-
SabS1
pHB7 P15A origin; Cm®; P_::mvaE-mvaS- This work
GPPS2-SabS1
Strains
E. coli BL21(DE3) E. coli B dem ompT hsdS(rB - mB -) gal Takara
E. coli DH5a deoR, recAl, endA1, hsdR17(rk-, mk+), Invitrogen
phoA, supE44, A-, thi-1, gyrA96, relAl
Saccharomyces cerevisiae Type strain ATCC 204508
HBI1 E. coli BL21(DE3) harboring pHB1 This work
HB2 E. coli BL21(DE3) harboring pHB3 This work
HB3 E. coli BL21(DE3) harboring pHBS This work
HB4 E. coli BL21(DE3) harboring pHB7 and This work
pTrcLower

5.4.2 PLASMID CONSTRUCTION

The experiments were carried out according to standard protocols [41]. Poly-
merase chain reaction (PCR) was performed using Pfu DNA polymerase
(TaKaRa, Dalian, China) according to the manufacturer’s instructions.
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5.4.3 CONSTRUCTION OF PLASMIDS
FOR GPP SYNTHASE SCREENING

E. coli BL21(DE3) genomic DNA was amplified as a template to obtain
the IspA gene by PCR using the primers IspA-F and IspA-R (Table 2).
The IspA gene fragment was digested using Bgl II and Nde I, and subse-
quently cloned into the corresponding sites of the vector pACYCDuet-1 to
create pHB2 (Table 1). The SabS1 gene fragment (mentioned blow) was
obtained by digestion of pGH/Pt30 with Bgl II and Xho I and was intro-
duced into the corresponding sites of pHB2 to create pHB3.

The geranyl diphosphate synthase gene (GPPS2, GenBank No.
AF513112) from Abies grandis and sabinene synthase gene (SabS1, Gen-
Bank No. ABH07678.1) from Salvia pomifera were analyzed by online
software  (http://www.genscript.com/cgi-bin/tools/rare codon analysis
webcite) and optimized to the preferred codon usage of E. coli (http://
www.jcat.de/ webcite). The codon-optimized GPPS2 gene and SabSl1
gene were synthesized by Generay Company with plasmid pGH as the
vector (pGH-GPPS2 and pGH-SabS1). The SabS1 gene fragment was ob-
tained by digestion of pGH-SabS1 with Bgl II and Xho I and then cloned
into the corresponding sites of pACYCDuet-1 to create pHB1.The GPPS2
gene fragment was obtained by digestion of pGH-GPPS2 with Nde I and
Bgl II and then cloned into the corresponding sites of pACYCDuet-1 to
create pHB4. The SabS1 gene fragment was obtained by digesting pGH-
SabS1 with Bgl II and Xho I and was ligated into the corresponding sites
of pHB4 to construct pHBS.

5.4.4 CONSTRUCTION OF PLASMIDS
FOR THE WHOLE PATHWAY OF SABINENE SYNTHESIS

As mentioned above, E. coli BL21(DE3) has its native MEP pathway to
form IPP and DMAPP. Therefore, the MEP pathway for sabinene synthe-
sis was constructed by harboring the plasmid pHBI1 to introduce the exog-
enous sabinene synthase. Furthermore, to enhance the metabolic flux into
GPP by catalyzing the conversion of DMAPP and IPP, the GPP synthase
(IspA or GPPS2) was overexpressed or introduced.
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TABLE 2: Primers used in this study.

Name Sequence (5'—3')

IspA-F GGGAATTCCATATGATGGACTTTCCGCAGCAACTC
IspA-R GGAAGATCTTTATTTATTACGCTGGATGATGT
mvaE-F CATGCCATGGAGGAGGTAAAAAAACATGAAAACAG-

TAGTTATTATTGATGC
mvaE-R CGCGGATCCTTATTGTTTTCTTAAATCATTTAAAATAGC-
GCGGA TCCTTATTGTTTTCTTAAATCATTTAAAATAG
mvaS-F CCAGAGCTCAGGAGGTAAAAAAACAT-
GACAATTGGGATTGATAAAATTA

mvaS-R CAACTGCAGTTAGTTTCGATAAGAGCGAACG

E. coli BL21(DE3) harboring pHB7 and pTrcLower was constructed
to form the MVA pathway for sabinene synthesis. The mvaE (Genbank:
AF290092) was amplified with the primer mvaE-F and mvaE-R from ge-
nomic DNA of Enterococcus faecalis (ATCC 700802D-5) and then cloned
into pHBS and with restriction enzymes Nco I and Bam HI, creating pHB6.
The mvaS (Genbank: AF290092) was amplified from genomic DNA of
E. faecalis (ATCC 700802D-5) with the primer mvaS-F and mvaS-R and
cloned into pHB6 and with restriction enzymes Sac I and Pst I, creating
pHB7. The ERG12, ERG8, ERG19 and IDI1 genes from S. cerevisiae
(ATCC 204508) were cloned into pTrcHis2B (Invitrogen, Carlsbad, CA)
using a method of successive hybridization to yield pTrcLower [42].

5.4.5 CHARACTERIZATION OF SABINENE BY GC-MS

The E. coli strain was inoculated in 50 ml of fermentation medium con-
taining 34 pg/mL Cm and then cultured at 37°C with shaking at 180 rpm.
When the OD600 of the bacterial culture reached 0.6-0.9, the cells were
induced by IPTG at a final concentration of 0.25 mM for 24 h. Then, the
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off-gas samples were taken from the headspace of the sealed cultures and
analyzed by GC-MS.

Products characterization was carried out by capillary GC-MS using
an Agilent 5975C system chromatograph. A HP-INNOWAX capillary col-
umn (30 mx0.25 mm x0.25 um, Agilent, Palo Alto, CA, USA) was used,
with helium as the carrier gas at a flow rate of 1 ml min-1. The following
oven temperature program was carried out: 40°C for 1 min, increase of
4°C/min to 70°C, then programmed from 70°C to 250°C at 25°C/min,
where it was held for 5 min. The injector temperature was maintained at
250°C; ion source temperature 230°C; EI 70 eV; mass range 35-300 m/z.
suitable amount of samples were injected in split injection mode with a
20:1 split ratio. Peak identification was based on the relative retention time
and total ion mass spectral comparison with the external standard.

5.4.6 QUANTIFICATION OF SABINENE
BY GAS CHROMATOGRAPHY (GC)

The different strains were inoculated in 50 ml of fermentation medium
containing 34 pg/mL Cm and/or 100 pg/mL Amp and then cultured under
the conditions mentioned above. Finally, the off-gas samples were taken
from the headspace of the sealed cultures and analyzed by GC.

The GC analysis was performed on an Agilent 7890A equipped with
a flame ionization detector (FID). The separation of sabinene was per-
formed using an HP-INNOWAX column (25 mx250 pmx 0.2 um). The
linear velocity was 1 ml/min with N2 as carrier gas. The oven temperature
was initially held at 50°C for 1 min, increased at 5°C/min to 100°C to
250°C, and finally held at 250°C for 5 min. The temperatures of injector
and detector were held at 250°C and 260°C, respectively. The peak area
was converted into sabinene concentration in comparison with a standard
curve plotted with a set of known concentrations of sabinene which was
bought from Sigma-Aldrich.

5.4.7 OPTIMIZATION OF FERMENTATION
MEDIUM AND PROCESS
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Optimization of fermentation medium was performed in shake-flask ex-
periments in triplicate series of 600 ml sealed shake flasks containing 50
ml of fermentation medium incubated with the strain HB4. Amp (100 pg/
mL) and Cm (34 pg/mL) were added when it was necessary. E. coli strains
were cultured in the broth for initial production of sabinene and incubated
in a gyratory shaker incubator at 37°C and 180 rpm. When the OD600
reached 0.6-0.9 [40], IPTG was added to a final concentration of 0.25
mM, and the culture was further incubated at 30°C for 24 h. Then, 1 ml
of gas sample from the headspace of the sealed cultures was quantified as
described previously [43]. Concentrations of synthesized sabinene were
calculated by converting the GC peak area into milligrams of sabinene via
a calibration curve.

5.4.8 EFFECT OF ORGANIC NITROGEN SOURCE

The shake-flask cultures were incubated in initial medium with differ-
ent organic nitrogen sources (5 g/L): beef extract (solarbio), beef powder
(MDBio, Inc), tryptone (Beijing AoBoXing Bio-Tech Co., Ltd) or yeast
extract powder (Beijing AoBoXing Bio-Tech Co., Ltd)) at the above-men-
tioned culture conditions, and the sabinene products were detected.

5.4.9 EFFECT OF CARBON SOURCE

Carbon source is the main feedstock in fermentation. Therefore, the com-
monly used carbon sources (glucose and glycerol, 20 g/L.) were screened
in shake-flask with the nitrogen-optimized initial medium, at the above-
mentioned culture conditions.

5.4.10 EFFECT OF INDUCTION TEMPERATURE

The E. coli strain was inoculated in 50 ml of optimized fermentation me-
dium and cultured with shaking at 180 rpm. The shake-flask cultures were
incubated at different induction temperatures (25°C, 28°C, 31°C, 34°C or
37°C), when the OD600 of the bacterial culture reached 0.6-0.9, for 24 h in
a final concentration of 0.5 mM, and the sabinene products were quantified.
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5.4.11 EFFECT OF IPTG CONCENTRATION

The shake-flask culture was incubated in different inducer (IPTG) concen-
trations (0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM or 1 mM) at the optimized
temperature for 24 h, and the sabinene products were measured.

5.4.12 TOXICITY OF COMMERCIAL SABINENE TO E. COLI

The sealed shake-flask culture was incubated in 50 ml of optimized fer-
mentation medium and cultured with shaking at 180 rpm at a temperature
of 31°C, with different concentration of commercial sabinene (0.5 g/L, 1
g/L, 2.5 g/L, and 5 g/L). Meanwhile, the growth of the bacterial culture
was determined by measuring the OD600 (the optical density at 600 nm)
with a spectrophotometer (Cary 50 UV-Vis, Varian) at4 h, 7 h, 11 h, 14 h,
17 h, 20 h, 24 h and 36 h. The inhibition rate (IR) was calculated by the
following equation:

IR = (1-OD,,,/OD,,,.) * 100%

Where I[R=Inhibition rate (100%); OD600s=0D600 of sample;
OD600C=0D600 of control at the same time as the sample.

5.4.13 FED-BATCH FERMENTATION

The strain HB4 harboring pHB7 and pTrcLower was inoculated to 5 ml of
LB medium (Amp 100 pg/mL, Cm 34 pg/mL, 37°C, 180 rpm), and then
100 ml fresh LB medium with corresponding antibiotics was inoculated
with the 5 ml overnight cultures, which were used to inoculate a 5-L fer-
mentor (BIOSTAT Bplus MOS5L, Sartorius, Germany) containing 2 L of
optimized fermentation medium (Amp 100 pg/mL, Cm 34 pg/mL). The
temperature was maintained at 37°C firstly, and then 30°C after induced.
The pH was maintained at 7.0 via automated addition of ammonia, and
foam development was prohibited with 1% Antifoam 204. The stirring
speed was first set at 400 rpm and then linked to the dissolved oxygen
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(DO) concentration to maintain a 20% saturation of DO, the flow velocity
of air was 1.5 L/min. The expression of heterogenous genes for sabinene
production was initiated at an OD600 of 11 by adding IPTG at a final con-
centration of 0.15 mM, and IPTG was supplemented every 8 h. During the
course of fermentation, the 40% glycerol was fed at a rate 4 g/L/h. Then,
sabinene accumulation was measured every 60 min by GC as described
above. Meanwhile, the growth of the bacterial culture was determined by
measuring the OD600 with the spectrophotometer, and the dry cell weight
was calculated according to the coefficient (one OD600 unit corresponded
to 0.43 g/L of dry cell weight).

The specific productivity was calculated by the following equation
[44].

S1—S 2
1 0

Qs =

Where Qs=specific production rate (g/h/g dry cells); s=sabinene concen-
tration (g/L); t=cultivation time (h), and x=biomass (g/L).

Conversion efficiency (gram to gram) of glycerol to sabinene was cal-
culated by the following equation:

Y =G/G, x 100%

Where Y=conversion efficiency (gram to gram, 100%); Gs=weight of
sabinene (g); Gg=weight of glycerol (g).

5.4 ABBREVIATIONS

Amp: Ampicillin; Cm: Chloramphenicol; DMAPP: Dimethylallyl pyro-
phosphate; IPP: Isopentenyl pyrophosphate; GPP: Geranyl diphosphate;
GPPS: Geranyl diphosphate synthase; MVA: Mevalonate; MEP: Methy-
lerythritol 4-phosphate; IPTG: Isopropyl B-D-thiogalactoside; PCR: Poly-
merase chain reaction; GC: Gas chromatography; GC-MS: Gas chroma-
tography-mass spectrography; DO: Dissolved oxygen.
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CHAPTER 6

From Biodiesel and Bioethanol to
Liquid Hydrocarbon Fuels:

New Hydrotreating and Advanced
Microbial Technologies

JUAN CARLOS SERRANO RUIZ, ENRIQUE V. RAMOS-
FERNANDEZ anp ANTONIO SEPULVEDA-ESCRIBANO

6.1 INTRODUCTION

Petroleum, natural gas and coal, the so-called fossil fuels, supply most of
the energy consumed worldwide and their exploitation has allowed our
society to reach unprecedented levels of development during the past cen-
tury. However, the large-scale consumption of these natural resources is
associated with a number of important issues. First, combustion of fossil
fuels for energy production releases large amounts of CO, (a greenhouse
gas, GHG) into the atmosphere. This anthropogenic CO, cannot be fixed
by plants at the current rates at which it is evolved thereby leading to ac-
cumulation and global warming. [1] In this sense, recent studies estimate
that the burning of fossil fuels is responsible for 70% of the global warm-
ing problem. [2] Second, the uneven geographical distribution of fossil

From biodiesel and bioethanol to liquid hydrocarbon fuels: new hydrotreating and advanced microbi-
al technologies. Energy & Environmental Science, 2012, 5, 5638-5652. DOI: 10.1039/C1EE02418C.
Reproduced with permission from the Centre National de la Recherche Scientifique (CNRS) and The
Royal Society of Chemistry.
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fuel reserves, which in some cases are located in socio-politically unstable
regions, is the origin of multiple political and economic issues worldwide,
and obligates transportation of the fossil fuel over long distances to ensure
supply to non-producer countries. Third, fossil fuel reserves are becoming
less accessible with time, and their current consumption rate—boosted by
the growing needs of industrialized countries and the rapid development
of emerging economies—is, by far, higher than the natural regeneration
cycle which inevitably leads to depletion within a few decades. [3]

In order to address these important concerns, a series of initiatives
spurred by governments are trying to develop alternatives to fossil fuels
which can progressively displace these nonrenewable resources in our
current energy system. In this sense, a range of well-distributed carbon-
free renewable sources such as solar, wind, hydroelectric and geothermal
activity can substitute natural gas and coal in the production of heat and
electricity, while biomass, the only sustainable source of organic carbon in
earth, has been pointed out as the perfect equivalent to petroleum for the
production of fuels, chemicals and carbonbased materials. [4]

Petroleum is the world’s primary source of energy and chemicals and,
among fossil fuels, is the resource with the shortest expected lifetime.
More than 80 millions of barrels are consumed worldwide on a daily basis,
and projections indicate that demand for crude oil will increase by 30%
within the next 20 years. [5] A large fraction of the extracted crude (70—
80%) ends up as fuels after processing in refineries to cover the elevated
demand of the transportation sector, which is the largest and fastest grow-
ing energy sector and it is responsible for almost one third of the total en-
ergy consumed worldwide. [1] An eventual replacement of oil by biomass
will thus necessarily involve the development of new technologies for the
large-scale production of fuels from this resource, the so-called biofuels.

Important environmental (biofuels are considered as carbon neutral
since the CO, produced during fuel combustion is consumed by subse-
quent biomass regrowth) and economic (reduction of the dependence on
the strong fluctuations in the price of the oil, creation of new well-paid
jobs in different sectors, revitalization of traditionally deprived rural areas)
benefits are derived from the establishment of a solid biofuel industry. [6]
However, the utilization of limited edible biomass feedstocks (e.g. sugars,
starches and vegetable oils) for biofuels production leads to competition
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with food for land use, and research is now more focused on the utiliza-
tion of more abundant and non-edible biomass (e.g. lignocellulose, waste
oils, algae) which would allow sustainable production of biofuels without
affecting food supplies or forcing changes in land use.

At the present time, the liquid biofuels most widely used are crop-
based bioethanol and biodiesel, which have been successfully imple-
mented in the transportation sector as alternatives to petrol-based gasoline
and diesel, respectively. Biodiesel and bioethanol are known as conven-
tional biofuels, that is, biofuels produced by simple and well-established
technologies that are already generating fuels on a commercial scale. Con-
ventional biofuels production has increased exponentially in the last few
years, and the key fact for this rapid expansion is the partial compatibility
of these biofuels with transportation infrastructure of diesel and gasoline
which has permitted an easy penetration in the current fuel market.

Bioethanol is, by far, the predominant biomass-derived fuel at the pres-
ent time, and only two countries U.S. (corn-derived) and Brazil (sugar
cane-derived) monopolize more than 90% of the world’s production.
Ethanol is used as a high-octane additive of gasoline thereby improving
combustion of the mixture. Furthermore, apart from the CO, emission sav-
ings, bioethanol usage allows reduction of pollutants such as CO, NO_
and SO_. Fig. 1 shows a summarized scheme of the technology used for
the production of bioethanol. The process starts with the extraction and
deconstruction of the carbohydrate polymers forming part of the struc-
ture of biomass, which is typically carried out in water medium. This step
is readily accomplished with edible biomass feedstocks such as sugar
cane or corn (although in this last case an extra saccharification step is
required), while the recalcitrant nature of lignocellulose obligates to per-
form costly pretreatment and hydrolysis steps which add complexity and
increase production costs for biofuels derived from this resource.8 The
released aqueous sugar monomers are subsequently fermented to the de-
sired ethanol product (along with CO,) using a variety of microorganisms
(e.g., yeast, bacteria and mold), in a well-known process similar to that
used in beer and wine-making. The stringent conditions required for mi-
croorganisms to survive obligate fermentation to be carried out at mild
temperatures (e.g. 30-50°C) and low ethanol concentrations (lower than
15 wt%). Consequently, dilute aqueous solutions of ethanol are obtained
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FIGURE 1: Summarized scheme of the fermentation technology utilized for the production
of bioethanol from biomass feedstocks.

after fermentation, and an expensive energy-consuming distillation fol-
lowed by additional dehydration steps (typically carried out over molecu-
lar sieves) are necessary to completely remove water from the mixture and
reach the fuel-grade concentration level (e.g. >99 wt%). This deep water
removal step, which typically accounts for 35-40% of the total energy
required for bioethanol production, [9] is an inherent drawback associated
with classical fermentation technologies. As described in a section below,
new fermentation approaches can overcome this important limitation by
converting sugars into hydrophobic hydrocarbons instead of water-soluble
ethanol. Thus, liquid hydrocarbons spontaneously separate from the aque-
ous broth avoiding poisoning of bacteria by accumulated products and
facilitating enormously separation/collection of the biofuel product.

Even though bioethanol is the predominant biofuel today, it has impor-
tant compatibility, energy-density and water-absorption issues that limit
its further implementation in the current fuel infrastructure. [10,11] These
limitations are ultimately derived from the special physical-chemical
properties of this compound. Thus, the corrosive nature of ethanol avoids
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its use as a pure fuel in current spark ignition engines which only tolerate
low concentration blends (5-15%, v/v) with conventional gasoline (i.c.,
E5-E15), and additional engine upgrades, the so-called flexi fuel vehicles
(FFVs), are required for ethanol enriched mixtures (E85). This constraint
in ethanol blending, denoted as blend wall, is currently causing important
issues in the U.S. to absorb the growing bioethanol production, and im-
portant figures have remarked that the U.S. will not be able to absorb the
amount of renewable ethanol mandated by the Renewable Fuel Standard
directive [12] (1.4x10" L by 2022) because of the lack of FFVs or E85
stations. [13,14]

Energy density, an important characteristic of any kind of fuel, de-
creases with the oxygen content in the molecule. Thus, ethanol (23.4 MJ
L") contains less energy per volume than conventional gasoline (34.4 MJ
L"), which penalizes the fuel economy of cars running on E mixtures.
In this sense, it is estimated that cars using E85 operate with 30% lower
fuel mileage than those using regular gasoline. [15] This fact, if it is not
adequately compensated with an equivalent reduction in the selling price
of E blends (as happens in countries like Brazil), represents an important
disadvantage that has discouraged drivers from purchasing E85 cars or
fuel so far.

Fuels that do not absorb water are highly desirable. However, ethanol
is highly hygroscopic and completely miscible in water. As a result, its
addition to gasoline markedly increases the water solubility of the mixture
and E blends are prone to suffering water contamination. When the water
saturation level for a determined blend is reached, phase-separation epi-
sodes between water—ethanol and gasoline can occur causing important
damage to the engine. [16]

Biodiesel is the second most abundant renewable liquid fuel (and
the most common in Europe) with an annual production that reached
1.6x10'" L in 2009 and projections to triplicate this amount by 2020.
[17] Biodiesel is nontoxic and sulfur free, and its use allows reduction of
important pollutants of diesel engines such as particulate matter and hy-
drocarbon (although it increases NO_emissions). [18] The conventional
methodology for the production of biodiesel (Fig. 2) uses edible biomass
feedstocks rich in oils such as palm, sunflower, canola, rapeseed and
soybean. [19] Feedstocks such as low-quality waste oils and nonedible
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plants such as Jatropha curcas or Camelina are preferred since they are
cheaper and do not contribute to increase competition with food supply.
Recently, algae, with excellent oil contents (up to 75 wt%) and minimum
land area utilization, have also been proposed as plausible oil sources for
biodiesel production. [20]

The first step for any biodiesel technology involves oil extraction from
the biomass source. This step is relatively wellestablished for edible feed-
stocks and more troublesome for waste oils (the presence of water and
free fatty acid impurities) and algae (lack of efficient methodologies for
oil extraction). Vegetable oils, which are rich in triglycerides (TGs), are
subsequently treated with methanol under mild temperatures (50—80°C)
and in the presence of a basic homogeneous catalyst (Fig. 2). The process
is known as transesterification and it allows conversion of TGs in a mix-
ture of fatty acid methyl esters (FAME, the components of biodiesel) and
glycerol (1,2,3-propanetriol). A large part of this co-produced glycerol is
separated from FAME by simple decantation, although further washing/
drying steps are required to remove traces of glycerol in order to comply
with strict regulations for fuel grade biodiesel. This extra purification pro-
cess increases production costs and generates great amounts of salts, soaps
and waste water. Furthermore, the management of the large amounts of
residual crude glycerol produced (100 kg per ton of biofuel) represents an
important challenge for the biodiesel industry.

Biodiesel shares some of the compatibility and energy-density draw-
backs of ethanol. It is slightly corrosive and, consequently, it can damage
rubber and other components in the engine or fuel lines. [21] To avoid this
problem, biodiesel usage in current vehicles is limited to low-concentra-
tion mixtures with conventional diesel fuel, the so-called B blends. Bio-
diesel, although in a lower extent than ethanol with gasoline, contains less
energy per volume than regular diesel (34.5 vs. 40.3 MJ L) and a slight
gas mileage penalty is applied for vehicles running on B blends (2% for
B20). [15] Another important disadvantage of biodiesel is its higher cloud
point compared to regular diesel which increases the risk of plugging fil-
ters or small orifices at cold temperatures. [22] The operating conditions
required for the new generation of diesel engines to increase efficiency
(e.g. higher injection pressures and nozzles with a lower diameter) aggra-
vate this issue. [23]
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FIGURE 2: Summarized scheme of the transesterification process utilized for the
production of biodiesel.

The current transportation infrastructure, including engines, fueling
stations, distribution networks, and petrochemical technologies is entirely
developed for petroleum-derived liquid hydrocarbons. These compounds
are worth such a huge effort since they offer clean combustions, high
energy densities, and superior stabilities, characteristics highly appreci-
ated for a transportation liquid fuel. Even though bioethanol and biodiesel
have found some room in the hydrocarbon-based infrastructure, there are
important limitations (outlined above) that avoid a further penetration of
these biofuels in the current fuel market. Remarkably, these limitations are
ultimately derived from the different chemical compositions of these mol-
ecules compared to hydrocarbon fuels. This simple analysis has convinced
many researchers around the world to explore new routes for the conver-
sion of biomass into liquid hydrocarbon fuels chemically identical to those
being used today in the transportation fleet. [10,11,24,25] Unlike biodiesel
and bioethanol, those green hydrocarbons: (i) would not need to modify
the existing infrastructure for their implementation in the transportation
sector and could make use of the existing petroleum refinery facilities, (ii)
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would offer equivalent energy-density characteristics avoiding gas mile-
age penalties, and (iii) would overcome intrinsic drawbacks of bioethanol
and biodiesel such as water absorption and high cloud point, respectively.

These strong incentives of green hydrocarbons have not been ignored
by governments. As recently remarked by Regalbuto, [22] during the past
few years there has been a dramatic change in funding directions from
projects involving conventional biofuels to those aimed at the synthesis
of green hydrocarbons. This effort is progressively favoring the devel-
opment of new technologies for the production of high energy-density,
infrastructure-compatible fuels (i.e. advanced biofuels) versus conven-
tional approaches leading to oxygenates such as bioethanol and biodiesel.
Several important routes are available today for the production of liquid
hydrocarbon fuels from biomass. [11] Classical thermal routes such as
gasification and pyrolysis allow conversion of lignocellulose into gas
(syngas, CO/H,) and liquid (bio-oil) fractions, respectively. These frac-
tions are subsequently upgraded to liquid hydrocarbon fuels by means of
Fischer-Tropsch and catalytic deoxygenation processes. Alternatively,
soluble sugars, produced after pretreatment/hydrolysis of lignocellulose
or by simple solubilization of starchy materials, can be transformed into
gasoline, diesel and jet fuel by means of aqueous-phase catalytic routes
involving deoxygenation and C—C coupling reactions. [7] Recently, two
new promising approaches have been developed with the aim of produc-
ing green hydrocarbons from classical biomass feedstocks such as TGs
and sugars: hydrotreating and advanced microbial synthesis. These new
technologies, which can be seen as the advanced versions of classical
transesterification and fermentation, will be the focus of the present pa-
per. While gasification, pyrolysis and aqueous-phase processing are routes
with a great potential, a detailed description of these technologies are be-
yond the scope of this perspective.

6.2 HYDROTREATING OF PLANT LIPIDS

Vegetable oils and related feedstocks can be transformed into liquid al-
kanes suitable for diesel and jet fuel applications in a process commonly
denominated as hydrotreating. The process typically involves utilization
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of hydrogen at high pressures and moderate temperatures in the presence
of supported metal catalysts.

The main reaction pathways involved in the hydrotreating of TGs to
green hydrocarbons are shown in Fig. 3. The olefinic bonds typically pres-
ent in TGs are readily hydrogenated at hydrotreating conditions. Once
formed, the saturated TGs undergo breaking of the C—O bonds that main-
tain the tri-chain structure together by reaction with hydrogen (e.g. hy-
drogenolysis) thereby releasing the fatty acids along with a molecule of
propane. These free fatty acids can then suffer oxygen removal by means
of two different pathways: (i) repetitive cycles of hydrogenation and de-
hydration (e.g. hydrodeoxygenation, HDO) that progressively achieve al-
dehydes/ enols, [26] alcohols and, finally, n-alkanes with the same number
of carbon atoms than the original fatty acids and; (ii) decarbonylation/
decarboxylation (HDC) that produces a linear alkane with n — 1 carbon
atoms and the release of CO_ species. The theoretical maximum yield of
hydrocarbons for HDO and HDC routes is 86 and 81 wt%, respectively.
We note that, although Fig. 3 shows that hydrogen is involved in HDC,
this process does not necessarily require the presence of this gas. Finally,
the straight-chain alkanes can undergo further reactions such as isomeri-
zation to produce iso-alkanes and cracking to lower alkanes. While the
former process is desirable to produce branched hydrocarbons with lower
pour and cloud points (valuable for jet fuel and/or winter-diesel), crack-
ing reactions should be minimized in the hydrotreating reactor since they
typically cause catalyst deactivation and lead to lower-value small alkanes
that decrease the cetane number of the final fuel. The control over the
extent of these two competitive processes involved in the final refining
of the hydrotreated alkane product is, however, a challenging task since
the catalysts typically used for hydroisomerization also catalyze cracking
reactions. [27,28]

A variety of feedstocks, reaction conditions and catalysts are currently
employed for hydrotreating of lipids (Table 1). With regard to catalysts,
two main classes of materials are used: (i) noble metals supported on clas-
sical carriers such as carbon and alumina and; (ii) metal sulfides supported
on alumina. While the former have shown high deoxygenation activity
for simple fatty acid model feeds, the latter are well-developed materials
widely investigated for sulfur (HDS) and nitrogen (HDN) removal in the
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petrochemical industry which also offer excellent performances for de-
oxygenation of real feedstocks such as vegetable and waste oils.

Pt and, especially, Pd are the preferred noble metals for conversion
of fatty acids into alkanes. Pd was found to be the most active element
among a large variety of metal-based catalysts in the HDC of stearic acid
to n-heptadecane, with the activity following the trend Pd > Pt > Ni > Rh
> Ir > Ru > Os. [32] This trend was recently confirmed by Madsen et al. in
the hydrotreating of oleic acid : tripalmitin mixtures to n-alkanes over alu-
mina-supported Pt, Pd and Ni catalysts.35 Interestingly, Pd and Pt favored
production of n-alkanes with odd number of carbon atoms (HDC prod-
ucts) versus Ni which showed higher HDO activity. Approaches based on
the addition of a second metal have also been explored in an attempt to
improve hydrotreating properties of monometallic catalysts. The perfor-
mances of Ni in the processing of rapeseed-derived biodiesel to C15-C18
n-alkanes were enhanced upon addition of Cu which prevented undesir-
able hydrogen-consuming methanation (CO, + H, — CH,) and cracking
reactions. [36] Addition of rhenium in large amounts (20 wt%) allowed a
dramatic increase of the conversion to hydrocarbons (from 15 to 80%) and
a drastic decrease of the cracking activity of a Pt/H-ZSM5 catalyst used
for the hydrotreating of Jatropha oil. [47] Re, in mixture with Pt, had been
previously reported to offer outstanding activity for the deoxygenation of
biomass sugars, [53] and this effect could be ascribed to the presence of
ReO, entities that assist in the C-O hydrogenolysis of oxygenated hydro-
carbons associated with neighboring Pt sites. [54] The high cost of Re is,
however, an important limitation for the commercial implementation of
this hydrotreating technology.

Alumina-supported metal sulfides are, by far, the most used catalysts
for the conversion of vegetable oils and related feedstocks into green hy-
drocarbons (Table 1). When compared with noble metal-based catalysts,
metal sulfides show some important advantages such as lower cost, higher
resistance to impurities typically present in waste feedstocks, and the pos-
sibility of using them in the co-hydroprocessing of plant lipids and petro-
leum feeds in existing refinery facilities. On the other hand, metal sulfides
are more sensitive to the presence of water [55] (formed by HDO reac-
tions), require a previous treatment with a sulfonation agent to reach the
active state, and could potentially show sulfur leaching episodes leading
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TABLE 1: Summary of recent technologies for the hydrotreating of triglycerides and related
feedstocks to liquid hydrocarbon fuels®

h™', H,/oil: 50, CFBR

Feedstock Catalyst Reaction conditions Reference
Octanoic acid | Pd(3%)/C, Ni-Mo/AL,0, [ 300-400°C, 21 bar H,/He, WHSV: 6 29
I, H,/oil: 1-20, CFBR
Dodecanoic Pd(1%)/C 300-360°C, 5-20 bar Ar, WHSV: 1.7 30
acid h!, CFBR
Stearic acid Pd(4%)/C 270-300°C, 17 bar He, oil/cat: 2.8, 31
solvent: dodecane, [0il]: 0.05 M, SBR
Stearic acid A variety of metal sup- 300°C, 6 bar He, oil/cat: 4.5, solvent: 32
ported catalysts dodecane, [0il]: 0.14 M, SBR
Methyl stearate Pd(5%)/BaSO, 270°C, 16 bar H,, oil/cat: 1.9, solvent: 33
hexane, [o0il]: 0.01 M, BR
Stearic acid/ Pd(5%)/C 300°C, 15 bar He or 10% H,/He, oil/ 34
oleic acid cat: 4.6, solvent: dodecane, [oil]:
0.006 M, SBR
Oleic acid : Pt, Pd, Ni(5%)/AL,0, 325°C, 20 bar H,, oil/cat: 4.5, solvent: 35
tripalmitin (1 tetradecane, [oil]b: 0.18 M, BR
:3)
FAME Rh(0.5%)—Co, Ni(38%)— | 250-400°C, 5-20 bar H,/Ar (50/50), 36
Cu, supported on various | LHSV: 1-6 h™', H /oil: 0.7-45, CFBR
oxides
Sunflower oil Commercial supported 360-420°C, 180 bar H,, WHSV: 0.7 37
metal sulfides h™', H,/oil: 13, CFBR
Palm oil NiMo/ALO, 344°C, 40-90 bar H,, WHSV: 0.7 h™!, 38
H,/oil: 20, CFBR
Tristearin, tri- Ni(20%)/C, Pd(5%)/C, 350°C, 7 bar N,,, oil/cat: 91, no 39
olein, soybean Pt(1%)/C solvent, BR
oil
Rapeseed oil, Sulfided Co-Mo/ALO, 310°C, 35 bar H,, WHSV: 2 h!, H2/ 40
waste oil and oil: 100, CFBR
trap grease
Fresh and used Sulfided hydrocracking 350-390°C, 14 bar H,, LHSV: 1.5 h'!, 41
cooking oils commercial catalyst H,/oil: 15, CFBR
Sunflower oil Sulfided NiMo/A1203/F 350-370°C, 20-40 bar H,, LHSV: 1 42
h', H,/oil: 6-8, CFBR
Waste cooking Sulfided NiMo/ALO,, 350°C, 50 bar H,, WHSV: 2.8 h™', H,/ 43
oils and trap NiW/ALO, and CoMo/ oil: 9, CFBR
greases AlLO,
Sunflower oil Pd(1%)/SAPO 310-360°C, 20 bar H,, WHSV: 44
0.9-1.6 h™', H /oil: 14, CFBR
Rapeseed oil Commercial NiMo/AL,O, | 310-360°C, 70150 bar H,, WHSV: 1 45
h™', H/oil: 14, CFBR
Rapeseed oil Sulfided NiMo/ALO, 260-280°C, 35 bar H,, WHSV: 0.25-4 46
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TABLE 1: CONTINUED.

Jatropha oil Pt(1%)—Re(10-20%)/ 270-300°C, 65 bar H,/N, (9/1), oil/ 47
HZSM5 cat: 10, no solvent, BR
Rapeseed oil Pt(2%)/HY, Pt(2%)/ 350°C, 50-110 bar H,, oil/cat: 33, no 48
HZSM35, Sulfided NiMo/ solvent, BR
Al O,
Rapeseed oil Sulfided CoMo/AlO, 250-350°C, 7-70 bar H,, LHSV: 1.5 49
b, H,/oil: 100, CFBR
Sunflower oil Sulfided NiMo/Al O, 350-450°C, 50 bar H,, WHSV: 5.0 50
in HVO h™', H /oil: 23, CFBR
Jatropha oil in Sulfided NiW/Si02— 360°C, 50 bar H,, LHSV: 1-2 h'', H)/ 51
gas oil mixtures AlLO,, CoMo/ALQ,, oil: 21, CFBR
NiMo/AlLO,
Rape oil in Sulfided NiMo/ALO, 350-380°C, 50 bar H,, LHSV: 2 h!, 52
light gas oil H,/oil: 7, CFBR
mixtures

a HVO: high vacuum petroleum oil; WHSV: weight hourly space velocity; LHSV: liquid
hourly space velocity; CFBR: continuous fixed bed reactor; SBR: semi batch reactor, BR:
batch reactor; H2/oil indicates molar ratio of H2 and oil in the feed (molar mass of oil taken
as the main fatty acid component); [oil]: indicates molar concentration of the oil in the liquid
solvent.; Oil/cat indicates oil to catalyst weight ratio; SAPO: silicoaluminophosphate. b
Based on tripalmitin.

to contamination of the hydrotreated alkane mixture. [43] A comparative
study of Pd/C and non-sulfided commercial Ni-Mo/Al O, in the hydrotreat-
ing of octanoic acid showed similar conversion levels to hydrocarbons for
both materials. [29] However, while the Pd-based catalyst afforded almost
exclusively the HDC product (e.g. n-heptane), Ni-Mo/ AL O, favored
HDO to octane. This result has important implications since, as it will be
remarked below, the HDC/HDO ratio is an important parameter determin-
ing the hydrogen consumption during hydrotreating processes.

As seen in Table 1, a variety of sulfided metals including Co, Mo, Ni
and W (and combinations of them) are employed in the hydrotreating of
vegetable oils. The performances of aluminasupported Ni, Mo and Ni-Mo
catalysts in the deoxygenation of rapeseed oil were recently compared.
[46] Both the activity and the selectivity to hydrocarbons were signifi-
cantly improved for bimetallic Ni-Mo compared to monometallic cata-
lysts, indicating a synergistic effect between both metals. In the same line,
Ni—Mo and Ni—W based catalysts showed excellent yields to diesel-range
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alkanes and stability in the hydrotreating of waste [43] and Jatropha [51]
oils. Both studies reported poorer performances (e.g. deactivation issues
and high cracking activity) for Co-Mo/ Al O,. This undesirable behavior
was, however, not observed by Kubicka and coworkers. [49] The favor-
able conditions in terms of H, to oil molar ratio employed by these authors
to perform their studies (H,/oil : 100, Table 1) could have masked the in-
trinsic activity of Co—Mo in the hydroprocessing of rapeseed oil.

The support plays an important role in the conversion of vegetable oils
to green hydrocarbons. Two characteristics need to be carefully controlled:
porosity and acidity. The utilization of bulky TG molecules as feedstocks
requires large pore size catalysts in order to avoid diffusion limitations.
In this sense, it is estimated that the maximum dimension of a model TG
such as triolein can be as high as 4.4 nm. [56] Consequently, supports with
a large volume of micropores (pore size < 2 nm) are not suitable for hy-
drotreating of vegetable oils. Instead, materials with larger pore diameters
(e.g. in the mesopore range) are preferred to ensure proper diffusion of
reactant and products and to minimize potential pore blockage by coking
and/or formation of heavier waxy hydrocarbons.

Support acidity is an important parameter determining the low tem-
perature properties of the final fuel product. Thus, typical fuels obtained
by hydrotreating of vegetable oils over non-acidic carbon or alumina sup-
ports consist of straight chain paraffins with very high cetane numbers
(>85) but unfavorable pour and cloud points. Consequently, additional
refining steps (e.g. isomerization) are normally required to enhance the
cold flow properties of the hydrotreated fuel. [57] One alternative that is
gaining interest in recent years involves utilization of bifunctional metal
catalysts supported on acidic materials such as SiO,~Al O,, [51] fluori-
nated alumina, [42] B,0,~Al,O,, [43] silicoaluminophosphates (SAPO)
[44] and zeolites. [48] This attractive approach allows deoxygenation and
isomerization to take place in a single reactor thereby reducing complexity
and cost in hydrotreating processes. However, the acidic strength of sup-
port materials needs to be moderate to maximize isomerization activity
while keeping cracking at reasonable levels.

A large number of feedstocks including fatty acids and their methyl
esters, TGs, edible and non-edible vegetable oils, waste cooking oils and
trapped greases, animal fats, and mixtures of vegetable/petroleum oils are
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currently utilized for producing green hydrocarbons by diverse hydrotreat-
ing technologies (Table 1). Since HDC and HDO are the main reactions
occurring in the hydrotreating reactor, the final composition of the alkane
mixture can be roughly anticipated based on the fatty acid composition of
the oil feed. As shown in Fig. 4a, the most representative vegetable oils
and animal fats are essentially composed of C , and C, fatty acids and,
consequently, the typical alkane product distribution obtained after hy-
droprocessing of these feedstocks ranges from C  to C .. Apart from the
carbon chain length, the degree of unsaturations in the vegetable oil has
important implications on the hydrotreating process as well. First, unsatu-
rated fatty acids are more prone to suffering cracking at typical hydrotreat-
ing conditions and, consequently, vegetable oils with an elevated degree
of unsaturations will produce higher amounts of light gaseous alkanes.
[39] Second, a higher number of C=C bonds in the tri-chain structure will
increase the hydrogen consumption during hydrotreating. Keeping these
two aspects in mind, it is not strange that highly saturated palm oil and ani-
mal fats such as tallow (Fig. 4b) are preferred feedstocks for commercial
hydrotreating production of green diesel hydrocarbons. [58] However, as
rightly indicated by Knothe, [59] a number of unsaturations in the fatty
acid chains is useful for the production of more branched hydrocarbons
with better low-temperature properties such as those required for aviation.
Thus, highly unsaturated feeds such as camelina [60] and algae-derived
[61] oils are specially indicated for the production of hydrotreated jet fuels
(HJF).

One of the main issues for the implementation of large-scale hydrotreat-
ing technologies is related to the availability and cost of the vegetable oil
feed. In this sense, the utilization of waste and residues derived from ex-
isting industrial processes can help to improve the economics by offering
cheaper (or even free of charge) additional feedstock alternatives to lim-
ited virgin vegetable oils. Waste cooking oils and trapped greases, abattoir
fat wastes, and tall oil (a by-product of Kraft pulping of pine rich in fatty
acids) are good examples in this regard, and their annual production can
reach considerable amounts. For example, U.S. restaurants alone produce
around 1.2 x 10'° L of waste vegetable oil a year [62] that could poten-
tially cover up to 4% of the diesel demand of this country if converted
to equal amounts of fuel. [35] However, the hydrotreating of these waste
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feedstocks is sometimes troublesome due to the presence of impurities
that can seriously affect the performances of catalysts. In this sense, the
use of metal-sulfides is recommended since these materials, unlike noble
metal-based catalysts, can cope with typical impurities of waste feedstocks
such as S and N facilitating their removal as H,S and NH, while keeping
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acceptable hydrocarbon yields and stability versus time on stream. [41,43]
These results contrast, however, with those reporting a strong inhibition
effect of NH; over HDO and HDC of carboxylic acids. [63] More prob-
lematic is the presence of alkalis and phospholipids. The former deposit
on the catalyst surface leading to blockage of active sites and/or plugging
issues, and the latter release phosphoric acid that catalyzes coke-forming
oligomerization reactions. [40]

The reaction conditions are important parameters controlling the na-
ture of the final hydrotreated product. Thus, a minimum temperature of
300-350°C is typically required to achieve complete deoxygenation of the
vegetable oil. This range of temperatures favors production of straight-
chain alkanes versus isomerization and cracking products that are typi-
cally formed at harsher (e.g. 350-400°C) conditions. [37,48] Cold flow
properties of hydrotreated fuel can thus be also enhanced by proper con-
trol of reaction temperature. [42,45] The HDC/HDO ratio is also con-
trolled by temperature and pressure reaction conditions. Numerous studies
confirmed that HDC is favored at higher temperatures and low pressures
[42,44,46,50] while HDO prevailed at high hydrogen pressures. [38,42,48]

Hydrogen consumption is, along with the cost of the feed and the cata-
lyst, the key parameter affecting the economics of any hydrotreating tech-
nology. It has been estimated that approximately 7-16 moles of H, per
mol of TG are required for the hydrotreating of vegetable oils and related
feedstocks. [26] Strategies to reduce hydrogen consumption during hy-
drotreating are highly necessary since this gas is expensive and typically
derived from external fossil fuel sources. Factors such as the degree of
unsaturations of the TGs in the vegetable oil, the HDC/HDO ratio, re-
action conditions (e.g. H, partial pressure, H,/oil feed ratio) and reactor
type (batch versus flow reactors) are important parameters affecting hy-
drogen consumption, and all of them involve trade-offs. For example, the
utilization of highly saturated feedstocks such as palm and tallow allows
significant reduction of hydrogen consumption at the expense of hav-
ing feeds less prone to undergo hydroisomerization. HDC reactions are
preferred since they are considerably less hydrogen demanding [26] and
only slightly penalized in terms of maximum hydrocarbon yield (81 vs.
86 wt%) compared to HDO. However, secondary hydrogen-consuming
reactions involving COx species such as reverse water gas shift (RWGS,
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CO,+H,— CO + H,0) and methanation could reduce the attractiveness of
the HDC route if these unwanted processes are not adequately controlled
by a proper selection of reaction conditions and catalysts.

Hydrogen consumption increases exponentially with H, partial pres-
sure in the hydrotreating reactor. [38] This fact has motivated researchers
to explore the possibility of performing hydrotreating under inert (e.g. N,,
He) atmospheres [30,34,39,64] although the severe deactivations reported
[30,33,64] suggest that a minimum amount of hydrogen seems to be nec-
essary to maintain activity and prevent formation of unsaturated interme-
diates that polymerize forming coke. A recent breakthrough was reported
by Fu and coworkers [64,65] in which HDC of fatty acids to n-alkanes
takes place with high selectivity (e.g. 90%), good stability and without H,
requirements. The key of this promising technology lies in the utilization
of near supercritical water as a reaction medium which provides the in situ
H, necessary to perform hydrotreating cleanly.

Hydrotreated diesel and jet fuels are currently produced commercially
by several two-stage (deoxygenation + isomerization) trademark pro-
cesses such as NExBTL™(Neste oil) and Eni Ecofining™(UOP). Neste
oil has currently three operative plants in Finland and Singapore with a
production capacity of 1 x 10° metric tons of green diesel per year, [66]
and a fourth plant in Rotterdam under construction that will double pro-
duction by 2011. ENI announced construction of the first Ecofining unit in
Italy operative in 2010 with a capacity of 2.5 x 10° tonnes per year. [67]
Both NExBTL™ and Eni Ecofining™ synthetic diesel fuels show compa-
rable properties to petroleum-derived ultra low sulfur diesel (ULSD) and
superior stability, heating value and pollutant emission characteristics than
conventional biodiesel (Table 2).

The stringent requirements of aviation fuels (e.g. high energy density
and efficient use at very low temperatures) have placed HJF in a privi-
leged situation versus biodiesel. Governments, through ambitious initia-
tives such as the “European Advanced Biofuels Flight Path” taken by the
European commission, leading European airlines and biofuel producers
are trying to accelerate commercialization of drop-in biofuels for avia-
tion with ambitious targets to produce 2 x 10° tonnes of paraffinic jet fuel
per year by 2020. [68] Hydrotreating technologies, along with biomass
to liquids (BTL) and pyrolysis approaches, [11] will be crucial for the
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TABLE 2: Comparison of properties of ULSD, biodiesel and green diesel derived from
hydrotreating of vegetable oils. Adapted from ref. 78 and 114

Petroleumderived Biodiesel Hydrotreat-
ULSD ed green
diesel
Density/g mL"! 0.84 0.88 0.78
Oxygen content (wWt%) 0 11 0
Sulfur content/ppm <10 <1 <1
Polyaromatics (wt%) 11 0 0
Cetane number 40 50-65 70-90
Heating value MJ kg™ 43 38 44
Cloud point/C ) -5to 15 -10to 5
NO,_ emissions (versus ULSD) — +10% -10%
CO, emissionsa’kg MJ™! 0.08 0.06 0.04
Stability (versus ULSD) — Poor Excellent

2 Data taken from ref. 115.

accomplishment of these targets. Recently, the ASTM has approved a new
standard that allows utilization of HJF in commercial flights and military
jets blended with regular jet fuel in amounts up to 50% (v/v). [69] Avia-
tion companies such as Lufthansa [70] and KLM [71] have recently an-
nounced commercial flights on 50/50 HJF/conventional jet fuel mixtures.
Interestingly, the main impediment for the utilization of 100% pure HJF
in current aircraft is the lack of aromatics (8% minimum in conventional
jet fuels [72]) which are necessary to swell elastomeric valves in fuel sys-
tems, providing a proper seal and avoiding leaks. [73] Further research is
thus needed to find a fuel additive that ensures elastomer swell even in the
absence of aromatics.

Fig. 5 shows a comparative scheme of transesterification and hy-
drotreating processes. Both technologies utilize TGs as feedstocks but they
differ in the reactants utilized (methanol vs. hydrogen), the by-products
generated (glycerol vs. propane), the final fuel product obtained (biodiesel
vs. green hydrocarbons) as well as in the reaction conditions and catalysts
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FIGURE 5: Comparative scheme of transesterification and hydrotreating processes for the
conversion of TGs into biodiesel and green hydrocarbons, respectively.

used. Methanol and hydrogen are typically derived from fossil fuels and,
consequently, efforts should be made to obtain these reactants from bio-
mass sources in order to reduce the overall CO, footprint of the biofuel.
While solutions in the biodiesel industry involve replacement of metha-
nol with biomass-derived ethanol as an esterification agent, hydrotreat-
ing technologies can drastically reduce external hydrogen consumption
by employing sub- products and/or residues generated during the process
as sources of this gas. For example, up to 75% of the H, needs of hy-
drotreating can be covered by steam reforming and subsequent WGS of
the propane co-produced during the process, [74] while the lignocellulosic
soybean hull wastes discarded after oil extraction can provide hydrogen
for hydroprocessing by means of microbial fermentation. [75] The higher
cost of hydrogen compared to methanol should be a strong incentive to
implement the mentioned solutions (or similar approaches) in commercial
hydrotreating plants.
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The separation and subsequent management of the by-products gener-
ated during the process is also an important aspect determining the profit-
ability of both technologies. In this sense, transesterification seems to be
more sensitive to this parameter given the large amounts of glycerol gener-
ated and the difficulty to completely remove it from the biodiesel fuel (Fig.
2). However, once separated, this crude glycerol can serve as a cheap feed-
stock for the production of a large variety of high value-added chemicals
and fuels [76] thereby representing an opportunity to reduce overall bio-
diesel production costs. [77] Hydrotreating, on the other hand, generates a
by-product gas stream enriched in propane which is easily separable from
the liquid hydrocarbon fuel but presents a lower chemical value compared
to glycerol. Consequently, rather than to decrease the costs, this gas stream
could be important to reduce the overall input of fossil fuels in the process
by offering an internal source of hydrogen or heat/ electricity.

Transesterification of lipid feedstocks requires milder temperature and
pressure conditions compared to hydrotreating and thus operational costs
are greater for the latter route. However, hydrotreating conditions are simi-
lar to those typically used in HDN and HDS of petroleum which opens the
possibility to co-process lipids and fossil feeds in existing refinery facilities
(Table 1). [50, 78] This synergy between hydrotreating and conventional
oil refineries would greatly reduce capital costs, [79] and represents one
of the key advantages of hydrotreating versus conventional transesterifica-
tion. However, aspects such as the corrosion of the hydroprocessing reac-
tor by free fatty acids, the detrimental cold flow properties of the diesel
product as a consequence of the increased content of n-alkanes, [26, 52]
and the effect of the presence of oxygenates over intrinsic HDNand HDS
activities of commercial hydroprocessing catalysts are key points that still
require further research studies.

The simplicity of the chemistry involved in transesterification and hy-
drotreating allows production of biodiesel and green hydrocarbons with
high yields. In this sense, both technologies benefit from the utilization
of feeds with relatively low oxygen content (and thus low reactivity) like
TGs to achieve the required transformations in a selective fashion, and this
represents an important advantage versus other biomass conversion routes
managing more reactive feedstocks such as sugars or lignocellulosic bio-
mass. The latter feedstocks are, however, more abundant and cheaper than
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vegetable oils. The limited availability of lipids to satisfy the growing de-
mand for both biodiesel and green hydrocarbon fuels is, by far, the most
important issue facing both transesterification and hydrotreating technol-
ogies. It is therefore imperative to search for additional and preferably
non-edible sources of lipids that can ensure sustainable supply without
affecting food markets or requiring large land extensions. Hydrotreating
presents higher flexibility to cope with different kinds of feeds compared
to transesterification, which is more sensitive to the presence of impuri-
ties or free fatty acids. In this sense, hydrotreating is better positioned
for the implementation of new, more abundant and non food-competitive
feedstocks such as algae [80] and lignocellulosic residues-based microbial
[81] oils in near future.

6.3 MICROBIAL ROUTES TO LIQUID HYDROCARBON FUELS

The utilization of microbes of different classes (e.g. bacteria, yeast, fungi,
algae) for the production of advanced biofuels has experienced tremen-
dous progress in the last few years. The improvements in the so-called
metabolic engineering (i.e. the genetic manipulation of a microbe to
change its inherent metabolism favoring pathways to desired products);
the vast knowledge acquired about the metabolic functioning and genet-
ic information of model microbes such as Escherichia coli (E. coli) and
Saccharomyces cerevisiae (S. cerevisiae); and the development of new
useful analytical and computer-modeling tools have allowed the design
of microbes for production of a variety of advanced biofuels including
gasoline-compatible alcohols (C,—C.) and alkanes for diesel and jet fuel
applications. However, some of these compounds are naturally produced
by microbes as a part of their internal machinery. For example, it is well
known that some bacteria, yeast and fungi naturally synthesize alkanes to
build protection structures and as a mechanism of energy storage. [82] It is
also believed that these alkaneproducing microorganisms could play a role
in the petroleum formation process. [83] As will be described below, new
biotechnologies take advantage of this natural ability by means of two dif-
ferent approaches: [84] (i) engineering the natural-producer microorgan-
ism to boost its advanced fuel production capability or (ii) extracting the



From Biodiesel and Bioethanol to Liquid Hydrocarbon Fuels 113

genetic information leading to fuel production from an external microbe
and inserting it in a wellknown and robust host.

Fig. 6 shows a scheme of the microbial reaction pathways involved
in the production of fuels from sugars. Four different routes are available
today for the microbial synthesis of fuels: fermentative, non-fermentative,
isoprenoid, and fatty-acid pathways, [85] and in all of them metabolic en-
gineering is currently playing a crucial role. Fermentation of hexoses to
ethanol (Fig. 1) is, by far, the most studied and mature route. Although
this technology is well developed for easily degradable starchy materials,
the inclusion of more recalcitrant and heterogeneous feedstocks such as
lignocellulose has added new difficulties to the process, and biotechnol-
ogy is actively involved in solving these issues. For example, genetic ma-
nipulation of yeasts has allowed processing of C, sugars into ethanol, [86]
whereas ordinary yeasts are unable to convert these important components
of lignocellulose. Additionally, a new generation of yeasts with the ability
to secrete enzymes such as cellulases and hemicellulases are being tested
with the aim to consolidate the biomass depolymerization and fermenta-
tion steps in a single reaction unit. [87] Fermentation technologies are not
constrained to ethanol. Recently, butanol, with polarity and energy-den-
sity properties that resemble those of gasoline, has attracted interest as an
infrastructure-compatible biofuel, [88] and current biotechnology efforts
are focussed on designing new organisms with boosted butanol-producing
abilities and more resistance to accumulated products. [85]

Hydrophobic C,~C, alcohols with superior fuel properties than ethanol
as replacement of gasoline can be produced from sugars by a non-fermen-
tative pathway. This non-naturally occurring route, developed by Liao and
coworkers, [89, 90] is based on the formation of 2-ketoacids which are
intermediates in the metabolic biosynthesis of aminoacids (Fig. 6). These
researchers used the known ability of yeast S. cerevisiae to convert keto-
acids into alcohols [91] and implanted it into E. coli allowing production
of alcohols such as isobutanol, 1-butanol, 2-methyl-1-butanol, 3-methyl-
1-butanol, and 2-phenylethanol at concentrations in the order of mg L.
Importantly, by overexpression of the genes responsible for the amino acid
synthesis and by deletion of those involved in competing pathways these
authors achieved production of isobutanol at outstanding concentrations
of 22 g L which represents 86% of the theoretical maximum yield for the
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glucose to isobutanol process. [89] Furthermore, owing to its low solubil-
ity in water, isobutanol separates from the aqueous broth thereby avoiding
additional energy-consuming distillation steps. This fact, along with the
potential utilization of existing ethanol fermenters to carry out the isobu-
tanol microbial synthesis, gives this process a good economic perspective.
Gevo, a renewable chemicals and advanced biofuels company, [92] has
licensed the non-fermentative isobutanol technology for the commercial
production of, among other interesting products, green gasoline and jet
fuels. The process involves well-known chemistry and existing refinery
infrastructure. First, isobutanol is dehydrated over a solid acid catalyst to
isobutene which is subsequently oligomerized to produce branched ali-
phatic oligomers such as isooctane (valuable for gasoline) or C , jet fuel
components. Interestingly, a fraction of isobutanol is utilized to produce
aromatics which can be added to aliphatic components to create a fuel
virtually identical to those currently used in aviation. This represents an
important advantage versus other fully aliphatic jet fuels (such as HJF
described in Section 2) that opens the possibility of using 100% renewable
kerosene in the near future.

Isoprenoids are a large family of hydrocarbon compounds derived from
the C, monomer unit isoprene (2-methyl-1,3- butadiene) which are synthe-
sized naturally in plants, animals and bacteria. Although the isoprenoid
route was classically exploited to synthesize compounds with pharmaceu-
tical [93] and nutritional value, it has a great potential for the production
of hydrocarbon fuels. Microorganisms convert glucose into isoprenoids
by two different routes which lead to two isomeric C; isoprenoid units
denominated as isopentenyl pyrophosphate (IPP) and dimethylallyl py-
rophosphate (DMAPP) (Fig. 6). A more detailed description of this im-
portant metabolic route can be found in excellent reviews by Keasling’s
group. [94, 95] IPP and DMAPP monomers are subsequently polymerized
to form larger C , C,, and C,; activated units which represent the base for
the production of isoprenoid fuels. These units can be recombined in mul-
tiple ways to yield a large variety of compounds with different molecular
weights and levels of branching suitable for gasoline, diesel and jet fuel
applications. In this sense, farnesene, a C,  branched olefin with potential
to serve as a winter-diesel component after hydrogenation, is produced in
genetically modified E. coli and S. cerevisiae with yields exceeding 14 g
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FIGURE 6: Scheme of the reaction pathways available today for the microbial production
of fuels. Adapted from ref. 85 and 94.

L. [96] This technology is currently exploited by Amyris Biotechnolo-
gies Inc. [97] to produce a spontaneously separating from the broth [98]
renewable diesel precursor (Biofene) from sugarcane-derived glucose.
The fuel derived from Biofene has been recently allowed by the US EPA
to be blended with petroleum-derived ULSD in amounts up to 35% (v/v),
[99] and the company plans to produce 1 x 10° L of farnesene by 2015.
[100] Amyris is also exploring the introduction of external terpene syn-
thase enzymes into E. coli and S. cerevisiae for the production of cyclic
C,, terpenes such as pinene, sabinene or terpinene which are proposed as
a new generation of jet fuel components. [101]

Microorganisms can be genetically manipulated to induce metabolic
polymerization of isoprene units to high molecular weight compounds
(C.,,) generating a petroleum-like mixture denoted as microbial biocrude.
This technology is promising in that biocrude could be further processed
to fuels and chemicals in existing petroleum refineries. However, the low
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yields obtained with E. coli and S. cerevisiae have prevented commer-
cialization so far. [85] Alternatively, lighter fuel compounds such as iso-
pentenol can be also derived from the isoprenoid pathway. The approach
involves re-routing to favor dephosphorylation of IPP instead of polym-
erization. This is achieved by the introduction of external genetic infor-
mation from Bacilus subtilis (leading to production of a pyrophosphatase
enzyme) into E. coli. As a result, E. coli achieves gasoline-compatible
isopentenol to the level of 112 mg L. [102]

Many organisms convert sugars into fatty acids as a natural way to ac-
cumulate energy. As remarked in the previous section, fatty acids possess
the chemical structure adequate for diesel and jet fuel components and,
consequently, this bioroute can be exploited for the generation of green
hydrocarbons. The bioprocess involves transformation of glucose into a
C, intermediate carrier (malonyl acyl carrier protein, Malonyl-ACP, Fig.
6) which is repeatedly added to a metabolic elongation cycle. This mecha-
nism allows growth of the fatty acid carbon chain and can explain why
naturally occurring fatty acids have an even number of carbon atoms (Fig.
4a). When the fatty acid reaches a determined chain length it is liberated
from the elongation cycle and incorporated to the cell membrane. New
biotechnologies pursue modification of this natural pathway to avoid fatty
acids storage thereby favoring subsequent reactions to fuels. Remarkably,
genetic manipulation allows control over these processes to generate fuels
of diverse classes. For example, by expressing external genes involved in
the production of TGs and in the biosynthesis of ethanol it is possible to
bioproduce fatty acid ethyl esters (FAEE) in E. coli. [103] Unlike the con-
ventional biodiesel process which is limited to a determined composition
fixed by the vegetable oil feed, this technology allows fine manipulation of
metabolic routes to produce FAEE with specific structures (e.g. different
carbon chain lengths, levels of unsaturations and branching, etc.) that bet-
ter fulfil stringent requirements of diesel fuels. [104] E. coli microbes can
even be manipulated for simultaneous secretion of hemicellulases to assist
in the depolymerization of hemicellulose within the same biocatalytic re-
actor. [105] This promising technology opens the possibility of producing
biodiesel from cheaper and more abundant lignocellulose- derived sugars.

Perhaps the most interesting process involving the fatty acid route
is the production of aliphatic straight-chain hydrocarbons. Although the
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metabolism for this pathway is not well understood, it is believed that
fatty acids undergo reduction to the corresponding aldehydes followed by
decarbonylation to yield a (n — 1) linear alkane. [85] The fact that most of
the alkanes found in biological systems have an odd number of carbon at-
oms supports this hypothesis. A recent breakthrough on microbial produc-
tion of linear hydrocarbons was reported by Schirmer and coworkers.106
These authors identified two key genes involved in the natural hydrocar-
bon synthesis metabolism of some cianobacteria.

These genes were responsible for the creation of reductase and decar-
bonylase enzymes involved in the fatty acid reduction and aldehyde decar-
bonylation processes, respectively. Expression of these pieces of genetic
information in E. coli allowed secretion of a mixture of tridecane (C,,),
pentadecene (C , ), pentadecane (C ) and heptadecene (C,, ) in a ratio of
10: 10 : 40 : 40 and at concentrations of 300 mg L. The same researchers
have recently identified genes involved in the synthesis of C20 terminal
olefins in another group of bacteria and successfully expressed them in E.
coli. [107] LS9 Inc. [108] is currently exploiting these technologies for
the microbial production of aromatics-free renewable UltraClean™ diesel
from sugars. As in the case of isoprenoid-based fuels, this route benefits
from spontaneous separation of the hydrocarbons from the aqueous broth
[109] making purification simple and reducing fuel costs. Since the US
EPA approval in April 2010, LS9 UltraClean diesel can be sold commer-
cially in the US. [110]

Yeasts and bacteria such as E. coli are preferred as host microorganisms
since they are genetically well-known and easily manipulable systems.
Photosynthetic algae or bacteria are, on the other hand, more complex and
difficult to decode. However, these organisms are attractive since, unlike
sugar-consuming microbes, they have the ability to generate hydrocarbons
with the only input of sunlight, water and CO, (Fig. 7). This represents
an enormous advantage versus conventional sugar-based routes since it
avoids utilization of biomass and the subsequent expensive lignocellulose
pre-treatment and hydrolysis steps required for the generation of the sugar
feed. The direct photosynthetic production of alkanes utilizes a readily
transformable cianobacterium which is genetically modified to provide
this microorganism with the ability to produce linear alkanes, to efficiently
secrete them outside the cell, and to allow equilibrated partitioning of the
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carbon fed between alkane production and cell growth metabolic routes.
[111] Joule Unlimited Technologies [112] has patented this promising
process denominated as Helioculture in which alkanes are continuously
produced from microorganisms located in solar converters. The process,
which has the capacity to generate almost 6 x 10* L of photosynthetic al-
kanes per acre (1 acre ~ 4000 m?) and per year, can be fed with non- pota-
ble water and industrial waste CO, at concentrations 50-100 times higher
than atmospheric, and represents an improvement over indirect photosyn-
thetic algae approaches requiring growing, extracting and hydrotreating
conversion of TGs to produce the same final alkane product (Fig. 7).

6.4 FUTURE PROSPECTS AND CONCLUSIONS

Advanced biofuels such as green hydrocarbons represent an attractive
alternative to conventional bioethanol and biodiesel. The conversion of
biomass into gasoline, diesel and jet fuels is a paradigmatic process that
would help to overcome many of the current compatibility and energy-
density issues associated with oxygenated biofuels. The large incentives
of green hydrocarbons are favoring the onset of a new group of promising
technologies which, in many cases, are based on previously well-known
processes. Hydrotreating (petroleum hydroprocessing) and microbial syn-
theses (classical fermentation) are among this group of technologies that
have taken advantage of previous mature technologies to develop fast and
reach the commercial scale. Conceptually, these two technologies can be
considered as the modified versions of classical transesterification and fer-
mentation with the aim of producing hydrocarbons instead of oxygenates.
Thus, while in hydrotreating the process is adapted by employing different
catalysts, reactants and harsher conditions to allow complete deoxygen-
ation of TGs, in the case of microbial synthesis the modification is carried
out inside microorganisms to favor sugar metabolic pathways leading to
green hydrocarbons instead of ethanol.

Hydrotreating of vegetable oils has demonstrated great potential for
high yield production of fungible diesel and jet fuels. However, some
important challenges lie ahead. New strategies for reducing external hy-
drogen consumption and additional tests in existing refinery facilities are
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FIGURE 7: Schematic comparison for the different approaches utilized today for the
microbial production of alkanes. (a) Direct process for genetically modified photosynthetic
cianobacterium; (b) direct process for sugar-consuming microbes (heterotrophic) such as
bacteria, yeast and fungi; and (c) process for algae transformation into liquid hydrocarbon
fuels via extraction of TGs and subsequent hydrotreating. Adapted from ref. 111.

required to decrease capital expenditures. Taking into account the high
cost of vegetable oils compared to lignocellulose, this is a crucial point to
ensure the economic feasibility of this route and the competitiveness with
other hydrocarbons-producing emerging technologies such as BTL and
pyrolysis. The efficient utilization of new non-edible oil feedstocks such
as those derived from algae and microbes or industrial residues enriched in
lipids is crucial to alleviate the availability issue that seriously jeopardizes
the future expansion of the hydrotreating industry. The design of new ro-
bust catalysts able to cope with the impurities typically present in these
waste feedstocks will help accomplish this task.

The science of genetic manipulation of microorganisms has reached
the point in which a designer microbe can be tailored for production of
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a specific advanced fuel, from hydrophobic alcohols to liquid hydro-
carbons with different levels of branching and molecular weights. Cur-
rent biotechnologies allow production of easily separable isoprenoid and
fatty acid-derived hydrocarbons at concentrations high enough to reach
the commercial scale. These hydrocarbons possess structures and molec-
ular weights adequate for diesel and jet fuel applications. Furthermore,
a whole family of higher alcohols, potentially convertible into gasoline
and jet fuels by well-known petrochemical technologies, can be also de-
rived from sugars by nonfermentative approaches. However, a deeper
knowledge about the metabolic pathways involved in the microbial pro-
duction of hydrocarbons is required for the design of new routes and for
the improvement of the already existing, maximizing yields of desired
products and minimizing the time required to grow the microorganisms.
The manipulation of microbes should be done avoiding metabolic bottle-
necks or excessive accumulation of toxic metabolites. In this sense, the
design of new organisms with higher resistance to advanced biofuels is
crucial. This can be done, for example, by isolating genes responsible for
efflux pumps (a natural mechanism of microbes to remove impurities out
of the cell) and inserting them into E. coli. [113] Furthermore, the de-
sign of new cost-effective enzymes for deconstruction of lignocellulose
into transformable sugars is crucial for the success of this route which
currently relies on edible biomass sources such as sugar cane. Direct
photosynthetic technologies, able to synthesize alkanes with no carbon
input other than CO,, are considered excellent alternatives to conven-
tional sugar-based microbial approaches.
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CHAPTER 7

Synthetic Routes to Methylerythritol
Phosphate Pathway Intermediates and
Downstream Isoprenoids

SARAH K. JARCHOW-CHQOY, ANDREW T. KOPPISCH, AnD
DAVID T. FOX

7.1 BACKGROUND

With greater than 55,000 representative compounds, isoprenoids (also re-
ferred to as terpenes) are the largest and most chemically diverse fam-
ily [1]. Isoprenoids are classified into groups according to the number of
carbon atoms they contain, and include: hemiterpenes (C,), monoterpenes
(C,,), sesquiterpenes (C,,), diterpenes (C,,), triterpenes (C, ), tetraterpenes
(C,,) and so forth. They play numerous functional roles in primary met-
abolic processes that are necessary for cell survival including cell wall
and membrane biosynthesis (phytosterols), electron transport (plastoqui-
nones), photosynthetic pigments (carotenoids), and hormones in plants
(gibberellins) [2, 3]. In addition, microbial production of isoprenoids has
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found their way into industry as a source for nutraceuticals, pharmaceuti-
cals and, most recently, in biofuel applications [4]. Some examples include
fragrances and essential oils (menthol, eucalyptol, limonene), cosmetics
(squalene), disinfectants (pinene and camphor), antimicrobials (taxol and
artimesinen), food supplements (Vitamins A, E and K), food colorants
(xanthanins), fuels (farnesene and botryococcenes) and dozens more of
related industrial applications.

The chemistry of isoprenoid biosynthesis allows for a tremendous
structural diversity within its members, both in terms of the carbon length
of the molecule (e.g. monoterpenes, diterpenes) and in the connectivity
observed in the isoprenoid chain after biosynthetic steps which process
diphosphates (e.g. cyclization of a triterpene, condensation of two ses-
quiterpene diphosphates). Understandably, this chemical diversity has en-
abled members of the isoprenoid family to play a wide range of important
biological roles throughout nature as previously mentioned. However, the
biology of isoprenoid molecules is beyond the scope of this review. Gener-
ally speaking, research into isoprenoid chemistry includes work that aims
to understand their role in endogenous biological pathways of relevance
to human health (two such examples are the enzymology of cholesterol
biosynthesis and the role of protein farnesylation in cancer progression),
as well as work which is designed to isolate and characterize isoprenoid
secondary metabolites of value to society (e.g. anticancer agents such as
Taxol, or potential renewable fuels such as isoprene, farnesene, or botryo-
coccenes), human health, plant and fungal biochemistry. Thus, the devel-
opment of chemical routes to isoprenoid compounds aids the synthesis
of some pharmacologically-valuable compounds and intermediates (many
of which themselves represent challenging synthetic targets) as well as
enables enzymological characterization and inhibition studies. In this re-
view, we will focus primarily on synthetic routes that have been devel-
oped for isoprenoid intermediates for the purpose of enzyme discovery
and characterization.

The chemical diversity of all isoprenoids is derived from one of two
simple C, building blocks: isopentenyl diphosphate (IPP) and its iso-
mer dimethylallyl diphosphate (DMAPP). These universal precursors
are produced by either of two routes: the mevalonate or the 2C-methyl-
D-erythritol 4-phosphate (MEP) (also known as the non-mevalonate or
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1-deoxy-D-xylulose 5-phosphate, DXP) pathway (Scheme 1). Both bio-
synthetic routes are distributed throughout nature, and as a general rule
of thumb the mevalonate pathway is prevalent in eukaryotes and archaea,
whereas the MEP pathway is widespread in eubacteria. For this review,
the synthetic intermediates found as part of the mevalonate pathway will
not be discussed. Briefly, the MEP pathway begins with condensation of
glyceraldehyde-3-phosphate (G3P) and pyruvate to generate DXP through
the action of deoxyxylulose phosphate synthase (DXS) [5]. DXP then
undergoes a carbon skeleton rearrangement and a NADPH-dependent
reduction catalyzed by MEP synthase, which represents the first com-
mitted step in the MEP pathway [6]. Addition of cytidyl monophosphate
(CMP) to MEP via the action of a CTP-dependent (CDPME) synthase
[7], followed by activation of the tertiary alcohol to the tertiary phosphate
(CDPME2P) with an ATP-dependent kinase [8] results in the cyclized
product, methylerythritol-2,4-cyclodiphosphate (cMEPP), catalyzed by
the similarly named synthase [9]. The final two steps each involve the re-
ductive elimination of water, first through the action of cMEPP reductase
to provide hydroxydimethylallyl disphosphate (HDMAPP) followed by
HDMAPP reductase that result in the formation of both IPP and DMAPP
[10]. IPP isomerase (IDI) interconverts IPP and DMAPP to provide the
appropriate ratios for normal cellular function [11]. Condensation of the
two C.-building blocks catalyzed by geranyl diphosphate synthase (GPPS)
provides the monoterpene, GPP. This C, subunit is the building block
for the thousands of monoterpenes discovered thus far, a few of which
are represented in this review. Addition of another IPP to the GPP frame-
work by farnesyl diphosphate synthase (FPPS) results in the C , founda-
tion from which thousands of sesquiterpenes and triterpenes are found in
Nature. Finally, geranylgeranyl diphosphate synthase (GGPPS) catalyzes
the condensation of another IPP subunit to the FPP framework to provide
GGPP, which is a precursor for many naturally occurring antioxidants, for
example B-carotene. While not exhaustive, for there are scores of synthetic
routes to varying chain-length isoprenoids and isoprenoid precursors, this
review will focus on the syntheses of MEP pathway intermediates to the
universal precursors, IPP and DMAPP, followed by representative syn-
thetic routes to longer branched, unsaturated hydrocarbons that may be of
interest to the reader.
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7.2 ISOPRENOID PRECURSORS-METHYLERYTHRITOL
PHOSPHATE (MEP) PATHWAY

Since the MEP pathway discovery to isoprenoids in the early 90s, con-
siderable effort toward elucidating the enzymes responsible for their bio-
synthesis ensued [6, 12, 13]. Early studies revealed the MEP pathway was
distributed in most bacteria, the chloroplasts of photosynthetic organisms,
unicellular eukaryotes (e.g. green algae) and the malaria parasite [14].
Most importantly, the MEP pathway enzymes are excellent targets for
the development of antimicrobial agents for there are no known human
orthologs [15]. The first enzyme in the MEP pathway to isoprenoids, de-
oxyxylulose phosphate synthase, converts pyruvate and glyceraldehyde-
3-phosphate to (—)-1-deoxy-D-xylulose 5-phosphate (DXP). Conversion
of DXP to MEP through MEP synthase represents the first committed step
to all isoprenoids where the mevalonate pathway is not present. Therefore,
a fundamental understanding of the biological role of MEP synthase was
exhaustively pursued, largely through the use of synthetic (isotopically-
labeled) DX(P) substrates and corresponding substrate analogs.

Many examples for the enzyme-assisted synthesis of both DX and
DXP and the corresponding isotopomers are reported in the literature [16-
19]. However, preparation of large quantities of these deoxyxyluloses is
not the preferred route largely due to purification problems, the require-
ment for expensive labeled precursors and scalability. In addition, bio-
synthetic production of DX(P) analogs is largely unattainable due to the
stringent substrate specificity of the corresponding enzymes responsible
for their biosynthesis. Therefore, synthetic preparations to these com-
pounds are preferred due to the versatility of the chemical transforma-
tions from relatively cheap starting material, high-yielding reactions, and
simple purifications.

7.2.1 SYNTHESES OF 1-DEOXY-D-XYLULOSE 4 (DX)

The first examples for the synthesis of the D-enantiomer of DX were re-
ported by Estramareix et al. in the early 80s. Following protection and
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oxidative cleavage of D-arabinitol 1, condensation of isopropylidene-pro-
tected D-glyceraldehye and the acetaldehyde dithioacetal anion provided
a mixture of the protected threose and erythro-isomers. Separation of the
threose enantiomer from the erythro-form followed by deprotection pro-
vided D-deoxylulose 4 over three steps in 15% yield [20]. The same group
improved upon the synthesis to deoxyxylulose and the 1-°H.-isotopically-
labeled derivativethrough condensation of aldehyde 2 with methylmagne-
sium iodide to provide the 2,4-O-benzylidene-D-threose intermediate 3.
Following oxidation and deprotection, the free sugar 4 was obtained by
brominolysis of the distannylidene derivative (Scheme 2) [21, 22].

Importantly, the Grignard reaction for introduction of the methyl group
is now the most widely used method for incorporation of isotopes into
the C-1 position of deoxyxylulose (phosphate). Further, Estramareix et al.
provided the foundation for future synthetic efforts through exploitation
of the D-threose scaffold in order to set the correct stereochemistry in the
final product. As such, multiple independent routes to the free sugar us-
ing either D-threose or its oxidized derivative, D-tartrate, were employed
and overall yields were much improved [23-25], with the highest reported
yield of 68% over five steps from dimethyl-D-tartrate [26]. A generalized
reaction scheme for DX 4 syntheses from multiple laboratories starting
from either the D-tartrate 5 or D-threitol 6 derivatives are outlined below
(Scheme 3).

The previously outlined synthetic routes to DX provide a convenient
platform for incorporation of a stable isotope (*H or '3C) into the C-1 po-
sition of the free sugar via an aldehyde intermediate. However, incorpo-
ration of an isotopic tag at other positions along the polyol backbone is
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not feasible using these approaches. An alternative strategy was adopted
by Giner et al. that enabled insertion of deuterium at the C-3 and/or C-4
positions of DX. Briefly, deuterium-hydrogen exchange of the phospho-
nium ylide 7 with a 10:1:1 mixture of CH,Cl,:D,0:CD,OD followed by
a Wittig reaction with the benzyl-protected glycoaldehyde 8 provided the
conjugated 5-carbon enone 9 with 85% deuterium incorporation at the C-3
position. Subsequent Sharpless asymmetric dihydroxylation and deben-
zylation via hydrogenolysis provided the enantiomerically pure DX 4 in
good yields [27-29]. Conversely, the deuterium was conveniently inserted

OH
LiAlH{D), or DLO workup

B //j’
10
o H{DY} AD mix HO, Hi
. Ha, PAIC .
““"ﬁ)\ ¢ OBaO.__CHDIO —— Jinuw — Ho™
215 H6% HO 7
HD) Hilyy O H(M O
7 § 9 4
b i HO H
13 Almix T
L H CH:Mgl Bl o ICH,
“Hy Ha, PAC
Bu '/\/\[TI — Im“/\,}\l‘r 3 2 P Hy .
0 2 steps, 61% o 6% HO | 0
11 12 4

Scheme 4. Giner’s syntheses of C-1 isotopically labeled DX.
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into the C-4 position (~70% deuterium) by reduction of the propargyl alco-
hol 10 with lithium aluminum deuteride, followed by oxidation, asymmet-
ric dihydroxylation then deprotection, although yields were not reported
for the reduction step [24]. The authors also demonstrated incorporation
of a *C-label into the C-1 position of aldehyde 11 to provide 1-'*C-DX 4
in 52% yield over four steps through enone intermediate 12 (Scheme 4).

A convenient chemoenzymatic synthesis for 1-deoxy-5,5-"H -D-xylu-
lose was outlined by Piel and Boland starting from 2,3-O-isopropylide-
dimethyl-D-tartrate. Briefly, pig liver esterase was used to convert the
starting material to the monoester. Following reduction of the ester to the
alcohol with LiBEt,D, methylation of the acid and deprotection of the iso-
propylidene moiety, the C-5 dideuterated DX was synthesized over four
steps in 37% yield [30]. However, scalability was an issue since the first
step required the use of the esterase.

7.2.2 SYNTHESES OF 1-DEOXY-D-XYLULOSE 5-PHOSPHATE
16 (DXP), ISOTOPOMERS, AND FLUORINATED ANALOGS

The first report for the synthesis of enantiomerically pure DXP was out-
lined by Begley et al. in 1998 [31]. The key step in this synthesis was
desymmetrization of the C,-symmetric dibenzylated-D-threitol by mono-
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Scheme 5. Blagg and Poulter’s synthetic routes to both DX and DXP from D-threitol.
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phosphorylation with dibenzylchlorophosorochloridate in 40% yield. The
primary alcohol was converted to the methyl ketone using modified proce-
dures previously outlined then debenzylation via hydrogenolysis provided
DXP over seven steps in 5% yield from diethyl-D-tartrate. Shortly there-
after, Blagg and Poulter reported a more efficient chemical synthesis for
DXP by exploiting (—)-2,3-O-isopropylidene-D-threitol 13 as a more suit-
able starting material for the chemical transformations (Scheme 5). The
triisopropylsilyloxy-protected DX 14 proved to be a versatile intermedi-
ate in the synthesis. Simple deprotection under acidic conditions provided
DX 4 over five steps in 69% yield. Alternatively, following ketolization
of the ketone with ethylene glycol and removal of the triisopropylsily-
loxy-protecting group, the primary alcohol 15 was phosphorylated with
trimethylated phosphite in the presence tellurium (IV) chloride. Phosphate
deprotection in the presence of TMSBr followed by acidic workup and
purification by cellulose chromatography provided pure DXP 16 in four
steps from the fully protected DX in 71% yield [26].

MEP synthase is generally recognized as an excellent target for the de-
velopment of novel antimicrobial agents. However, the enzyme-catalyzed
reaction mechanism for conversion of DXP to MEP remained elusive.
In order to address this gap, multiple isotopically-labeled DXP and DXP
analogs were synthesized to determine the stereochemical course for the
transformation. In 2003, Cox et al. reported a synthetic route to DXP from
propargyl diol 17 where deuterium was incorporated into either the C3-
18 or C4-19 positions, respectively, using a modified protocol reported
by Giner et al. [32]. Silyl deprotection and selective phosphorylation of
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the primary alcohol over the secondary alcohol provided 20 and 21, re-
spectively. However, the overall yield and enantiopurity was suboptimal
(~20%, 84% e.c.) and no demonstration for isotopic label incorporation
was discussed [33]. The same authors amended their synthesis for incor-
poration of the deuterium label into either the [3-2H]-16 or [4-*H]-16 posi-
tion of DXP over eight steps in 15% or 7% yield (Scheme 6), respectively,
and corroborated previous reports that MEP synthase converts DXP to
MEP through a retroaldol/aldol mechanism [34-36]. Shortly thereafter,
Liu et al. reported two independent routes to the identical compounds with
similar yields (~8%, 95% e.e.) [37].

There are countless reports in the literature for the synthesis of DXP
analogs that extend beyond the scope of this review. However, one class
of DXP analogs deserves discussion since they were designed for three
reasons: potential as novel inhibitors, determination of the enzyme-cat-
alyzed reaction mechanism, and substrate specificity. Specifically, the
fluorinated analogs of either DX or DXP were chemically synthesized for
this purpose. The first report of a fluorinated deoxyxylulose analog was
reported by Bouvet and O’Hagan for the synthesis of both 1-fluoro and
1,1-difluoro-1-deoxy-D-xylulose [38]. In their synthesis of the mono-fluo-
rinated analog 24, the authors utilized a Wittig reaction for coupling of the
silyl-protected glycoaldehyde 22 with the mono-fluorinated phosphorous
ylide 23 in a reaction analogous to previous reports for the [3- and [4-2H]-
DX syntheses [29]. However, Sharpless asymmetric dihydroxylation was
unsuccessful thus necessitating standard dihydroxylation with osmium
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tetraoxide to provide the racemic fluorinated diol 25. Deprotection of the
silyl group provided the (+) C-1 monofluorinated DX in 30% yield over
three steps as a 3:2 mixture of the a- and B-cyclic fluorinated anomers 26
and 27 (Scheme 7).

Using O’Hagan’s syntheses as an inspiration, Fox and Poulter synthe-
sized the 1-fluoro-, 1,1-difluoro- and 1,1,1-trifluoromethyl-1-deoxy-D-
xylulose 5-phosphate analogs for mechanistic studies with MEP synthase
[39]. Upon installation of the oxirane moiety into aldehyde 28, the key step
in the synthesis of the 1-fluoromethyl-DXP (CF-DXP) was the regioselec-
tive ring opening of the intermediate oxirane 29 with diisopropylamine tri-
hydrogen fluoride [40] at the C-1 position to provide the monofluorinated
alcohol 30 in 45-55% yield. Debenzylation followed by regioselective
phosphorylation of the primary alcohol with dibenzyl phosphoroiodidate
and subsequent Dess-Martin oxidation provided the fully protected CF-
DXP. Debenzylation of the phosphate by hydrogenolysis in tert-butanol
instead of methanol or ethanol was necessary to avoid formation of the
stable hemiketal due to the presence of the adjacent fluorine. The free acid
effectively removed the isopropylidene moiety to provide CF-DXP 31 in
10% yield, with greater than 95% purity, over nine steps as a mixture of
the ketone and hydrate forms (77:23) (Scheme 8). A much lengthier syn-
thesis of the identical compound was independently reported by Liu and
coworkers. In their synthesis of 1-fluoromethyl-DXP, fluorination of the
primary alcohol, which was derived from D-arabinose in three steps, with
triflate and tetrabutylammonium fluoride (TBAF) provided the mono-
fluorinated sugar. Deprotection of the 1,2-diol, benzylation and reductive
ring opening with sodium borohydride provided the open chain-polyol.
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Regioselective benzyolation of the primary alcohol and Swern oxidation
resulted in the fully protected monofluorinated deoxyxylulose. A series
of protection and deprotection steps allowed for the introduction of the
phosphate group with trimethyl phosphite in the presence of tellurium
chloride and 2,6-lutidene to afford the protected CF-DXP. Deprotection of
the phosphate methyl groups with TMSBr followed by debenzylation by
hydrogenolysis provided the free acid of CF-DXP 31. This compound was
estimated to be 80% pure as judged by F NMR spectroscopy and was
obtained in less than 3% yield over 14 steps [36]. In the same manuscript,
Liu et al. described the synthesis of either the C-3 or C-4 monofluorinated
DXP. These synthetic routes were a modified procedure as outlined for the
C-1 monofluorinated DXP, required over 15 steps and the final material
was obtained in low yields.
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Scheme 9. Fox and Poulter’s synthesis of CF2-DXP from the D-tartrate derivative.

Simple modification of O’Hagan’s synthesis for the 1,1-difluoromethyl
deoxyxylulose, via the identical difluoromethylenephosphonate interme-
diate 33, provided 1,1-difluoro-1-deoxy-D-xylulose 5-phosphate 35 over
five steps from the isopropylidene-protected D-tartrate 5. The key differ-
ence was installation of the dibenzyl phosphate into the tartrate monoester
32 prior to reaction with the lithiated diethyl(difluoromethyl)phosphonate.
C-P bond cleavage of the phosphonate sugar 33, after azeotropic removal
of water, with sodium methoxide provided the fully protected CF -DXP
34 in 83% yield. Deprotection provided the difluorinated sugar phosphate
35 in 53% yield over five steps from the tartrate monoester as a mixture of
the ketone/hydrate (2:98) as judged by '°F NMR spectroscopy (Scheme 9).

The key step in the synthesis of 1,1,1-trifluoromethyl-1-deoxy-D-xy-
lulose 5-phosphate (CF,-DXP) was insertion of the trifluormethyl moiety
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into the identical TIPS-protected aldehyde intermediate found in Blagg’s
synthesis of DXP [26] using (trifluoromethyl)trimethylsilane and a cata-
lytic amount of tert-butoxide, following a procedure outlined by Olah et
al. [41], to provide the bissilyl ether as a 3:1 mixture of diastereomers. Fol-
lowing removal of the silyl ethers with two equivalents of TBAF, regiose-
lective phosphorylation of the primary alcohol was carried out analogous
to the synthesis for the monofluorinated DXP derivative. Deprotection us-
ing the same strategy as for the mono- and difluorinated DXP analogs af-
forded the trifluorinated sugar phosphate exclusively as the ketone hydrate
in 46% yield over eight steps and greater than 95% purity as judged by "°F
NMR spectroscopy.

7.2.3 SYNTHESES OF 2C-METHYL-D-ERYTHRITOL 40 (ME)

The five carbon phosphosugar 2C-methyl-D-erythritol 4-phosphate is
the first committed intermediate in the mevalonate-independent route,
or MEP pathway, to isoprenoid compounds. The methylerythritol sugar
is also known to be recognized, imported and incorporated into (after in
vivo phosphorylation to form MEP) the isoprenoid products of various
prokaryotes [42, 43]. Thus, synthetic preparations of ME and isotopically-
enriched ME proved crucial to the efforts to identify the enzymes respon-
sible for IPP and DMAPP biosynthesis through the MEP pathway [44,
45]. More recently, preparations of ME were instrumental in the discovery
of its ability to act as a small-molecule stimulant of isoprenoid biosyn-
thesis [46], and in studies of its influence upon plant development [47].
The identification of MEP synthase (which makes MEP from DXP) and
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Scheme 10. Rohmer’s synthesis of ME from 3-methylfuran-2(SH)-one or citraconic
anhydride.
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Scheme 11. Fontana’s synthesis of ME from dimethylfumarate.

downstream enzymes provided an impetus for synthetic preparations of
MEP itself [48].

Although ME is produced in the leaves and flowers of some plants
[49], and abiotically through the atmospheric oxidation of isoprene [50-
52], discovery efforts in the MEP pathway necessitated access to multi-
milligram quantities of the sugar. Prior to these efforts, no dedicated
chemical syntheses of the sugar existed, although some syntheses of de-
rivatives of ME had been reported [53]. A facile route to ME was reported
by Duvold et al. in 1997, wherein ME was produced in 85% yield (80%
e.e.) from 3-methylfuran-2(5H)-one 36 or 25% from citraconic anhydride
37 in four steps [54].

Sharpless asymmetric dihydroxylation was used to introduce the C-2
and C-3 hydroxyl groups with the correct stereochemistry into cis-olefin
38 to provide the diacetate 39 protected ME in excellent yield. Deprot-
ection provided ME 40 in 80% yield over three steps from the furan 36
(Scheme 10) [55]. This route also provided for the incorporation of heavy
atom labels into the backbone of ME (as [1,1,4,4-°H]-ME) through re-
duction of the starting material with LiAID,. Fontana and coworkers also
reported a route to ME from dimethylfumarate (31% yield, 84% e.e., 6
steps) [56].

In this case, establishment of the correct stereochemistry of the hydroxyl
groups was afforded through asymmetric epoxidation of the trans-alkene
44 to give epoxide 45 followed by ring opening with sodium hydroxide to
provide the benzyl-protected ME 46. Reduction of 46 via hydrogenolysis
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Scheme 12. Taylor’s synthesis of ME from 4-methyl 1,2-dioxine.

over palladium gave ME 40 in moderate yield over eight steps (Scheme
11). Heavy atom incorporation is also possible using this route, either in
the form of deuterium (reduction with LiAID, or similar reagent) or °C
(use of U-BC-dimethylfumarate). Asymmetric hydroxylation or epoxida-
tion of 3-methylbut-2-enyl-1,4-diols to introduce the stereochemistry of
the C-2 and -3 hydroxyl groups proved to be a facile and useful means
that also found utility in the synthesis of MEP itself and a trifluorinated-
derivative of ME [57]. Even more recently, a strategy to ME and its ste-
reoisomers was published reliant upon this means to introduce hydroxyl
functionalities [58], although the scheme largely utilizes methods previ-
ously reported in the synthesis of MEP [59, 60]. In another compelling
application of the asymmetric dihydroxylation reaction in the context of
branched carbohydrate synthesis, Taylor and coworkers described a two-
step synthesis to ME 40 from 4-methyl 1,2-dioxine 47 (Scheme 12) [61].
Central to this approach was generation of the dioxine intermediate
diol 48 with the correct stereochemistry through photooxidation of a 1,3
butadiene precursor. Although the enantiomeric excess for the synthesis of
ME using this method was somewhat low, the authors were able to pro-
duce a number of ME analogs with good yield and high enantioselectivity.
There are several reports for the enantiopure synthesis of ME. The use
of protected carbohydrates as precursors to ME is a particularly effec-
tive means to ensure enantiopurity. Kis et al. were among the first to re-
port such a strategy in their synthesis of ME and MEP in 2000, wherein
1,2:5,6-di-O-isopropylidene-D-mannitol was converted to ME in 10 steps
or MEP in 13 steps [62]. In 2003, Hoeffler et al. reported the synthesis of
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Scheme 13. Hoeffler’s synthesis of ME from 1,2-O-isopropylidene-a-D-xylofuranose.

enantiopure ME in 43% yield over 8 steps from 1,2-O-isopropylidene-a-
D-xylofuranose 49 [63, 64]. In the authors’ strategy, the 2-methyl func-
tionality in the final product was introduced into a TBDPS-protected
1,2-O-isopropylidene-a-D-xylofuranose 50 by oxidation of the secondary
alcohol to ketone 51, followed by methyl-Grignard addition to the less
hindered face of the carbohydrate ring to provide the carbon backbone 52
in the correct stereochemistry. Multiple high yielding deprotection/protec-
tion steps (53-55) followed by periodate cleavage and aldehyde 56 reduc-
tion then debenzylation of the penultimate intermediate 57 resulted in the
final ME 40 product (Scheme 13).

In this manner, the authors were able to exclusively obtain the desired
diastereomer of the branched chain sugar. As with similar reports, incor-
poration of deuterium or tritium labels into the final product was enabled
in the strategy.

Coates and coworkers have reported a versatile synthesis of ME,
MEP and ¢cMEPP from D-arabitol as the starting material [65, 66]. In
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the authors’ strategy, benzylidene-protected D-arabitol 58 was first con-
verted to 1,3-benzylidene-D-threitol 59 and subsequently transformed to
(2S,4R)-cis-2-phenyl-4-tert-butyldimethyl-silyloxy-1,3-dioxan-5-one 61
in two steps. The dioxanone intermediate was selectively alkylated on the
axial face (20:1) with methylmagnesium bromide to form the methyltetrol
62 core of ME and related metabolites. The final product is generated by
silyl-deprotection to provide 62 then hydrogenolysis to enantiopure ME
40 (8% overall yield from D-arabitol in 9 steps), or alternatively 62 may be
further modified to form MEP or cMEPP (Scheme 14). Furthermore, the
novel methylerythritol analogue, 1-amino-1-deoxy-2C-methylerythritol
was also produced using this approach [65]. Lai and coworkers have re-
ported modifications to this dioxanone strategy which resulted in a shorter
synthesis with a slightly higher yield (7 steps, 11.5% overall yield) [67].
A similar strategy of diastereocontrolled addition of an alkyl Grignard re-
agent into a protected ketone was used by Chattopadhyay and coworkers
to provide a straightforward and economical route to ME and other me-
thyltetrol isomers [68].

7.2.4 SYNTHESES OF 2C-METHYL-D-ERYTHRITOL
4-PHOSPHATE 71 (MEP)

Similar to other MEP pathway intermediates, MEP was previously synthe-
sized using an enzymatic approach through condensation of glyceralde-
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hyde-3-phosphate and pyruvate [7, 55]. As was observed in the synthesis
of ME, several chemical routes to the 4-phosphate MEP are reported, and
similarly involve asymmetric dihydroxylation of substituted diols or utili-
zation of carbohydrate starting materials. Poulter and coworkers demon-
strated the synthesis of MEP using the former approach in 2000 and 2002
in their synthesis of MEP as a monosodium salt and free acid, respectively
[60, 69].

The sodium salt of MEP was synthesized from 1,2-propane diol 64 in
7 steps with an overall yield of 32% (78% e.e.). Following silyl-protection
65 of the primary alcohol and oxidation to provide ketone 66, the cis-
configuration was installed through a Wittig-Horner olefination reaction to
give cis-olefin 67 in excellent yield. Reduction of the ester and phosphory-
lation of primary alcohol 68 provided the phosphotriester 69 in 84% yield
over the two steps. Dihydroxylation of the olefin 69 was conducted using
the method of Sharpless after installation of the phosphotriester, which
necessitated buffering of the standard reaction conditions with NaHCO,,
to provide the protected MEP 70 in moderate yield [55, 70]. Conversion
of the phosphomethylesters to the corresponding acids was accomplished
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with TMS-Br under acidic conditions, and MEP 71 as the monosodium
salt was formed upon neutralization (Scheme 15). Formation of MEP as
the free acid is accomplished by introducing the phosphate functionality as
a benzyl-protected triester, which is ultimately removed via hydrogenation
over Pd/C. Hoeffler et al. used this strategy to install the phosphate moi-
ety into MEP ultimately from an 1,2-O-isopropylidene-a-D-xylofuranose
starting material using an approach inspired from the authors earlier work
toward the preparation of ME (as discussed above) [64]. Similarly, both
Fontana [71] and Koppisch and Poulter [69] utilized benzyl ester protected
phosphate groups to form the free acid of MEP from approaches that were
inspired by previous efforts of their respective teams.

Synthesis of MEP from various protected carbohydrates, as noted
above, has been reported by a number of teams. Enantiopurity of the final
product is ensured by utilization of the carbohydrate starting material, and
their use also provides a convenient means to introduce isotopic labels.
Enantiopure preparations of MEP as the sodium salt from 1,2:5,6-di-O-
isopropylidene-D-mannitol proceeded in 9% yield over 14 steps (as com-
pared to 32% over 7 steps) [72] and preparation of the free acid from
1,2-O-isopropylidene-a-D-xylofuranose proceeded in 32% yield over 7
steps (compared to 27% yield over 5 steps) [64]. More recent syntheses
from carbohydrate-based starting material have also provided facile access
to other metabolites based on an ME backbone (such as MEP or cMEPP)
[65, 66] or in the synthesis of derivatives of MEP [73]. As mentioned ear-
lier, a deprotected intermediate of the methylated dioxanone 72 in Coates
and coworkers synthesis of ME from D-arabitol is readily phosphorylated
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by lithiation with n-BuLi followed by reaction with dibenzyl chlorophos-
phoridate to provide the benzyl-protected MEP 73. Removal of the benzyl
protecting groups via hydrogenation followed by treatment with ammonia
provided MEP as the ammonium salt in good yield 71 (Scheme 16) [65].
In 2007, Koumbis and coworkers devised a synthesis of MEP from D-
arabinose acetonide 74 [74]. In this case, the authors converted the starting
material into an erythritol acetonide by tosylation of the free hydroxyls fol-
lowed by LiAlH, reduction to form the 1, 4 diol 75. Monoderivitization of
the diol with various protecting groups was performed using a tin-mediated
procedure developed for 1,3- and vicinal 1,2-diols resulted in a high ratio
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Scheme 18. Koppisch and Poulter’s synthesis of CDPME from MEP and CMP.
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(5:1) of the desired monoprotected alcohol 76 [75]. Following benzylation
of the free alcohol to to provide the fully protected 77, silyl-deprotection
78 and phosphorylation as its benzylated derivative 79 was accomplished
in over 90% yield. Deprotection via hydrogenation ultimately provided
MEP 71 as its free acid in 37% yield over 7 steps (Scheme 17). Crick and
coworkers used a similar approach to synthesize enantiopure MEP as its
free acid from 1,2-O-isopropylidene-a-D-xylofuranose [76, 77]. Similar
to the syntheses described earlier, a dibenzyl protected phosphate moiety
was key to formation of MEP as its corresponding free acid.

7.2.5 SYNTHESES OF
4-DIPHOSPHOCYTIDYL-2C-METHYL-D-ERYTHRITOL 83 (CDPME)

Relatively fewer synthetic procedures to CDPME 83 exist, and with the
exception of a fully enzymatic approach [7], most depend significantly
upon prior routes toward the synthesis of the free acid of MEP. Koppisch
and Poulter reported the first synthetic preparation of CDPME in 2002
(Scheme 18) [60]. In the authors’ synthesis, the key step was coupling of
MEP 82 (as a tributylammonium salt) with cytidine monophosphate 81 (as
a triethylammonium salt) via activation of the phosphate 80 with trifluoro-
acetic anhydride and methylimidazole, respectively. This phosphoramidite
based approach was originally developed in a synthesis of UDP-galactofu-
ranose, but has been incorporated into most reported syntheses of COPME
as well [78].

Upon workup and purification using size exclusion chromatography,
the ammonium form of CDPME 83 was synthesized from MEP in a single
pot with an overall yield of 40%. This phosphoramidite based coupling
strategy has been employed in most CDPME syntheses reported to date,
with the most notable exception being an enzymatic coupling strategy to
form CDPME with recombinant CDPME synthase (IspD) and synthetic
MEP prepared from 1,2-O-isopropylidene-a-D-xylofuranose [77]. In a
similar fashion, D-arabitol was used in the synthesis of CDPME by Lai
and coworkers through phosphoramidite coupling of alkylammonium
salts of MEP and CMP [67].
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7.2.6 SYNTHESES OF 4-DIPHOSPHOCYTIDYL-2C-METHY-D-
ERYTHRITOL 2-PHOSPHATE 90 (CDP-ME2P)

In this synthesis, the hydroxyl groups of benzylidene diol 84 (from a pre-
vious synthesis [66]) were phosphorylated, in a stepwise manner, with first
dibenzyl phosphochloridate 85 then phosphorous trichloride in the pres-
ence of ethanol to provide the double phosphotriester 86 in good yield.
Benzyl deprotection was performed by hydrogenolysis in one step to pro-
vide the diethylphosphate protected ME2P 87 in near quantitative yield.
Triethylammonium cytidine monophosphate 88 was then activated to the
phosphoramidite and coupled with the phosphoramidite of 87 to provide
the phosphate-protected CDP-ME2P 89 in moderate yield. The diethyl
phosphate moiety was deprotected using TMSI to provide CDP-ME2P 90
in 16% overall yield over five steps (Scheme 19) [76].

Crick and coworkers also reported a route to the MEP intermediate
CDP-ME2P from D-arabitol. In this work, the authors extended the syn-
thetic route to ME/MEP developed by Urbansky et al. to form several



Synthetic Routes to Methylerythritol Phosphate Pathway Intermediates 147

OAc (B, PNi-Pra, tetrazole OAe OAe

“”\)\/\ m-CPBA Hy. 10% PA/C -
. DA
—— y [ —
OAc b e :

‘u 759 = quantitative yield E
OH d 0
(Bt J]:I‘I ™ POB), IIt:iI‘:J OPO;H
| =

, e

0
91 0 93

OAc =]

“OAe O }} o_ N0
excess EDC 136 M NH,0H Me, O—p~ ™ \\/
S _ . OH

0 i
75% HO._| | 75% o
I p-
4o 7 OH OH
0 0

94 95
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benzylphosphoester or methylphosphoester derivatives of the aforemen-
tioned authors’ key dioxanone intermediate. In one case, the tertiary
hydroxyl of the dioxanone intermediate was converted to a dibenzylphos-
phoester with PCl, and benzyl alcohol, while its primary hydroxyl was
transformed into a methylphosphoester with dimethyl phosphochloridate/
n-BuLi. Coupling of this product to CMP through formation of the CMP
phosphoramidite was accomplished in the manner of previous syntheses
albeit in low yield. A second strategy, wherein the bisphosphorylated dioxa-
none intermediate was formed as a benzylphosphoester (at the primary hy-
droxyl group) and ethylphosphoester (at the tertiary hydroxyl) was formed
first, and upon hydrogenation over Pd/C, 2,4-bisphosphomethylerythritol
was formed as the 2-ethylphos-phoester. Phosphoramidite coupling of this
material with CMP proceeded smoothly, and upon deprotection yielded
CDP-ME2P in good yield [76].

7.2.7 SYNTHESES OF 2C-METHYLERYTHRITOL
2,4-CYCLODISPHOPHATE 95 (CMEPP)

Cyclization of 4-diphosphocytidyl-2C-methyl-D-eryth-ritol 2-phosphate
by cMEPP synthase generates 2C-methyl-D-erythritol 2,4-cylodiphos-
phate (MECDP) [9]. An efficient synthesis of cMEPP was reported by
Giner and Ferris using 2C-methyl-D-erythritol 1,3-diacetate 91 as the
starting material. The authors reported simultaneous phosphorylation of
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Scheme 22. Hecht’s synthesis of HDMAPP and isotopomers from the vinyloxirane.

both the primary and tertiary alcohol through diisopropyl dibenzyl phos-
phite under basic conditions and in situ oxidation to provide the dibenzyl
protected phosphate 92 in 75% yield. Hydrogenation proceeded cleanly to
provide the deprotected phosphate 93 followed by phosphate coupling via
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carbodiimide cyclization 94 and acetate removal under careful basic con-
ditions to provide the cyclic diphosphate 95 in four steps with 42% overall
yield from the diacetate (Scheme 20) [79].

A second, lengthier synthesis began with 1,3-benzylidene-D-threi-
tol 96. Following periodate cleavage, 97 was selectively protected with
TBSCI at the primary alcohol to provide the monoether 98. A phase-
transfer-promoted RuO, oxidation provided ketone 99 followed by reduc-
tion with methylmagnesium bromide 100 and removal of the protecting
group yielding the benzylidene protected ME 101. Double phosphoryla-
tion using phosphoramidite coupling instilled the two benzyl-protected
phosphate esters 102 and selective debenzylation of the phosphate esters
via hydrogenation provided the bis-phosphomonoester 103, which was
subsequently cyclized using 1, 1’-carbonyl diimidazole to provide the
penultimate intermediate 104 [65, 66]. The final product, cMEPP 95, was
generated by simple hydrogenation over palladium hydroxide (Scheme
21). This method required 9 steps as opposed to the 4 steps required in the
previous synthesis and was also lower yielding (10% vs. 42%).

7.2.8 SYNTHESES OF (E)-4-HYDROXYDIMETHYLALLYL
DIPHOSPHATE 107 (HDMAPP)

This straightforward synthesis was reported independently by several re-
search groups in rapid succession upon its initial discovery in 2002 [80-
86]. Of the seven, three utilized a strategy to incorporate an isotopic tag
in either penultimate or final step of the synthesis. The most efficient syn-
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Scheme 24. Davisson’s synthesis of both [IPP and DMAPP.

thesis of non-radiolabeled HDMAPP was obtained in two steps from the
commercially available 2-methyl-2-vinyloxirane 105 in 72% overall yield
(Scheme 22). Importantly, the (E)-geometry of the chloroalcohol 106 was
preferred (97:3) upon ring opening in the presence of titanium (IV) tet-
rachloride as determined from nuclear Overhauser effects spectroscopy
(NOESY) followed by diphosphorylation to provide HDMAPP 107. From
the identical starting material 105, ring opening in the presence of cupric
(IT) chloride provided the chloroaldehyde 108 in moderate yield. Follow-
ing conversion of the aldehyde to the methylacetal 109, either a deuterium
or tritium was introduced in the final step to provide labeled HDMAPP in
23% or 15% yield, respectively [85].

Fox and Poulter demonstrated the (E)-chloroaldehyde as a versatile in-
termediate for insertion of an isotopic label to C-1 in the penultimate step
of the synthesis (Scheme 23). The overall yield for reduction of the inter-
mediate chloroaldehyde 108 to the chloroalcohol 106 followed by phos-
phorylation provided HDMAPP 107, with purification of the intermediate
olefin, were 66% [87].

Isopentenyl diphosphate and dimethylallyl disphosphate (IPP and
DMAPP)-Both IPP and DMAPP are derived from HDMAPP, where the
MEP pathway is operative, by reductive elimination of water [88] and
represent the requisite building blocks to all isoprenoids. The synthesis of
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FIGURE 1: Examples of naturally occurring acyclic, monocylic and bicyclic monoterpenes.

both compounds was optimized in the mid-80s by Davisson and Poulter
during their investigations for improving the diphosphorylation step of the
allylic 110 or non-allylic 111 prenyl alcohols over previously published
reports [89]. Briefly, the authors found that when pyrophosphoric acid was
treated with tetra-n-butyl ammonium hydroxide and immediately lyophi-
lized, tris(tetra-n-butyl) ammonium hydrogen pyrophospate was obtained
on a multigram scale at near quantitative yields for the displacement reac-
tion with the corresponding activated allylic 112 and nonallylic 113 pre-
nyl moieties. Following cation exchange and cellulose chromatography,
the ammonium form for prenyl disphosphates, 114 and 115, were typi-
cally obtained in excess of 75% yield on gram scales and could be stored
for long durations under cool temperatures with minimal decomposition
(Scheme 24) [90, 91].

7.3 ISOPRENOIDS
7.3.1 MONOTERPENES

Monoterpenes, which comprise the C | class of isoprenoids, are largely
derived from condensation of IPP to DMAPP in either a ‘head-to-tail’ or
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FIGURE 2: Common chemical transformations from (+)-limonene and (+)-camphor.

‘non-head-to-tail’ fashion or, alternatively, through condensation of two
DMAPP monomers. These enzyme-catalyzed reactions ultimately result
in the extremely large structural diversity observed within this class of
compounds [92-94]. They are often found in pesticides, essential oils, fra-
grances, for use in homeopathic medicine, and are commonly used build-
ing blocks to higher-value chemicals, thus demonstrating their utility for
industrial applications [95, 96]. There are countless reports in the literature
for the chemical syntheses of the acyclic, mono- and bicyclic monoter-
penes and the reader is directed to several sources for reviewing synthetic
approaches to these industrially useful compounds [97-101]. Some com-
mon monoterpenes are found in (Fig. 1) and a few representative examples
for their syntheses are presented.
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Scheme 25. Fallis’ synthesis of both B-pinene (121) and a-pinene (122).

The cyclic monoterpene, (+)-limonene, is derived from cyclization of
GPP and has proven to be an essential building block toward the synthesis
of dozens of closely related compounds. Further, limonene is primarily ac-
cessed through cold-pressed orange oil on large scales, making this mono-
terpene a rather inexpensive chiral starting material suitable for chemical
synthesis, and is therefore utilized as building blocks to dozens of related
compounds. Representative examples of these chemical transformation
are found in a review by Thomas and coworkers and some basic chemical
transformations from limonene found in (Fig. 2) [102]. Another common
bicyclic monoterpene, camphor, is found in the wood of camphor trees and
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Scheme 26. Snider’s synthesis of both B-pinene and chrysanthenone.
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Scheme 27. Johnson’s synthesis of a stereoisomeric mixture of 3-carene.

is most often utilized as a plasticizer in certain materials, for therapeutics,
as a wax, and as an aromatic fragrance in essential oils. The synthesis of
camphor from a-pinene was first demonstrated in 1922 and served as a
building block for hundreds of chemical transformations to related iso-
prenoid derivatives [103].

Among bicyclic monoterpenes, a- and B-pinenes are among the most
widely distributed of the isoprenoid family and are found in the essential
oils of most trees. They are currently of industrial importance as solvents
and for the commercial preparation of camphor and a-terpinol [ 104]. How-
ever, the bicylic system of pinene presented a synthetic challenge. Fallis
and coworkers addressed this through utilization of a bicyclic heptane
system common to many monoterpenes within this structural class of iso-
prenoids. Following several high-yielding steps to convert ester 116 to the
well-known Hagemann’s ester 117, transformation to the dimethyl keto
acetate 118 then tosylation to 119 provided a convenient leaving group
for base-assisted cyclization to provide the bicyclic core 120. A Wittig
reaction with methylenetriphenylphosphorane and 120 yielded B-pinene
121, which was subsequently isomerized to a-pinene 122 by hydrogena-
tion over palladium/carbon (Scheme 25) [105]. All chemi-cal transforma-
tions were in excess of 70% yield, making this strat-egy to this class of
compounds useful for large scale production.
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Another, more facile synthesis to B-pinene was developed by Snider
et al. using a stereospecific [2+2] cycloaddition of ketenes to alkenes. In
this synthesis, the authors converted geranic acid 123 to the correspond-
ing acid chloride 124. This was a versatile intermediate since the presence
of the electron-withdrawing halogen enabled formation of the ketene 125
with the necessary regiochemistry for subsequent cyclization to the vinyl
ketones. B-Pinene 121 was generated from the ketene through a Wolft-
Kishner reduction or to the monoterpene, chrysanthenone 126, through
simple isomerization (Scheme 26) [106].

The bicyclic monoterpene, carene, is one of the major constituents in
turpentine [107]. In one synthesis, the cyclic hexene group was constructed
from isoprene 127 and ketone 128 by a Diels-Alder reaction to form the
methylated cyclohexene regioisomers 129 and 130. Following methyl ad-
dition to the ketone to provide a racemic mixture of tertiary alcohols 131
and 132 the bicyclic product, 3-carene 133, and the methyl regioisomer
134 were obtained using thionyl chloride (Scheme 27) [108]. This synthe-
sis is useful since 3-carene is used for the construction of other monoter-
penes and cyclopropanes. A detailed account of synthetic approaches to
new monoterpenes using carene as the building block are found in a recent
review [109].

Whereas there are countless numbers of chemical syntheses to mono-
terpenes and their structural derivatives, many are traced back to a few,
basic mono- and bicyclic compounds. There are dozens of reviews, manu-
scripts and books readily available that enable a detailed understanding of
the evolution for chemical approaches to a myriad of monoterpenes and
those presented in this review are meant to serve as a nucleation point for
future synthetic efforts.
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Scheme 28. Gibbs’ synthesis of 3-VFPP.
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7.3.2 SESQUITERPENES

Sesquiterpenes, which comprise the C ; class of isoprenoids, are predomi-
nantly derived from the condensation of an additional IPP monomer to
the C,, monoterpene framework to provide farnesyl diphosphate (FPP).
They are a structurally diverse group where all are derived from FPP via
differing enzyme-catalyzed cyclization reactions and carbon skeleton re-
arrangements. They are commonly found as essential oils in plants in the
mono-, bi- and tricyclic forms and have been shown to have a wide range
of biological activities [110]. However, in spite of the expansive structural
diversity, it is the acyclic form that has garnered the most attention from
a synthetic chemistry perspective. Briefly, previous studies have demon-
strated that mammalian Ras proteins, when farnesylated, result in cellular
signal transduction leading to normal cell growth, differentiation and sur-
vival. However, mutant Ras-proteins that are always activated result in
undifferentiated cell growth and are now implicated in greater than 30%
of human cancers [111, 112]. The enzyme responsible for farnesylation
(prenylation) of Ras, protein farnesyltransferase (PFTase), when inhibited
resulted in reversion of the undifferentiated cell growth to a normal cell.
Hence, synthesis of FPP analogs as anti-cancer therapeutics is an area of
intense research [113]. Primary to this goal was the synthesis of suicide
inhibitors against PFTase to prevent farnesylation through covalent attach-
ment of the FPP analog to the enzyme by trapping a carbocation interme-
diate within the enzyme active site [114].
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Scheme 29. Johnson’s synthesis of a stereoisomeric mixture of 3-carene.
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A primary concern in the synthesis of farnesyl diphosphate analogs is
maintenance of the requisite all trans-isomer in the final product. Gibbs and
co-workers designed multiple synthetic routes to both the 3- and 7-vinyl
substituted farnesyl diphosphate (VFPP) analogs through the vinyl triflate
intermediate 136 via a ketone ester 135 to provide the E-isomer 137 with
high stereoselectivity (16:1) and in good yields [115]. Reduction, alcohol
activation and diphosphorylation provided the all E-isomer of 3-VFPP 138
(Scheme 28). This synthetic approach was also implemented in the syn-
thesis of the all E-7-VFPP analog; albeit, in much lower yields since two
coupling steps using the vinyl triflate strategy were necessary, required 11
steps and less than 10% overall yield [116].

In a recent report, Gibbs et al. improved on their synthesis of 7-VFPP
by coupling of 5-lithio-2, 3-dihydrofuran 139 with an isoprenylorganocu-
prate 140 to provide the corresponding alkenylcuprate intermediate 141.
This compound proved to be a versatile intermediate since this affords
the opportunity to introduce multiple functional groups into ultimately the
7-position of FPP. Following conversion of 141 into the corresponding or-
ganozinc intermediate 142 over four steps in 25% yield, the vinyl-substi-
tuted farnesyl skeleton was completed via coupling to the silyl-protected
vinyl iodide 143 through palladium triphenylphosphine and removal of
the silyl-protecting group to provide 7-vinylfarnesol 144. Diphosphoryla-
tion provided 7-VFPP 145 over six steps in 12% overall yield (Scheme
29) [117].
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Scheme 30. Schull’s synthesis of digeranyl-substituted bisphosphonate.
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7.3.3 DITERPENES

Diterpenes, which comprise the C,; class of isoprenoids, are derived from
condensation of IPP to FPP to form geranylgeranyl diphosphate (GGPP).
Some representative examples include, dolichols, ubiquinones (plasto-
quinones), phytyl derivatives and geranylgeranylated proteins [118]. The
structural diversity is amplified through multivariant cyclizations via car-
bocation intermediates and alkyl shifts to provide mono-, di-, and tricyclic
compounds, which are further processed depending on organismal need.
As a result of this diversity, it is not surprising that there are greater than
11,000 diterpenes that have been identified [119]. Therefore, in a similar
vein as with the sesquiterpenes, this section will provide some representa-
tive examples for the chemical syntheses of GGPP analogs since there is
ongoing interest for identifying novel compounds for medicinal purposes.

One class of inhibitors consists of the nitrogen-containing bisphospho-
nates, which are used in treating bone resorption diseases such as osteo-
porosis and metastatic bone disease [120]. These bisphosphonates work
by depleting cells of GGPP, leading to inhibition of protein isoprenylation
[121]. In order to determine the exact mechanism by which bisphospho-
nates inhibit isoprenoid metabolism, a GGPP analog was synthesized
using a synthetic scaffold that is amenable to varying isoprenoid chain
lengths. A facile synthesis for one of the bisphosphonates containing the
geranyl substituent is described below.
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Scheme 31. Coates’synthesis of aza-GGPP.
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Scheme 32. Mu’s synthesis of 3-PhGGPP.

Treatment of tetraethyl methylenebisphosphonate 146 with sodium
hydride, 15-crown-5 ether, and farnesyl bromide 147 provided the di-
alkylated bisphosphonate 148 product harboring the geranyl moieties.
Although not high yielding, the mono- or dialkylation product could be
regulated through careful titration with the base [122]. Deprotection of
148 with TMS-Br provided the GGPP analog 149 in 95% yield (Scheme
30). This strategy has proven successful for addition of alkylation reagents
of varying chain length.

In addition to the bisphosphonates, another strategy using GGPP ana-
logs was hypothesized for inhibition of GGPP synthase. One of the rea-
sons for developing this alternative synthetic route was the observation
that bisphosphonates tend to be poorly absorbed into the body through
oral delivery. Creating compounds that have increased hydrophobicity
was postulated to have better absorption properties [120]. Based upon bio-
chemical evidence that a developing carbocation intermediate was formed
within the enzyme active site of GGPP synthase the aza analog of GGPP
was necessarily synthesized.

In the synthesis of an aza-GGPP 155, alkylation of farnesyl chloride
150 with a-lithio formamidine 151 generated an amidine, which was sub-
sequently hydrolyzed to a farnesyl-N-methylamine 152. Alkylation of
the amine with t-butylbromoacetate resulted in the B-aminoester 153 in
excellent yield. Following reduction of 153 with lithium aluminum hy-
dride, the resulting geranylgeraniol N-methylamine 154 was converted
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to the corresponding diphosphate with methanesulfonyl chloride and
tris(tetrabutylammonium) hydrogen pyrophosphate to provide aza-GGPP
155 over four steps in 30% yield from commercially available farnesyl
chloride (Scheme 31) [123].

As described previously, several FPP analogs were synthesized by
Gibbs and Wiemer using a novel palladium, copper-catalyst coupling ap-
proach. This concept was expanded by Coates et al. to synthesize new
GGPP analogs thought to act as inhibitors of PGGTase I, which attaches
a geranylgeranyl moiety from GGPP to a cysteine in a CAAX-type box,
where leucine is the carboxyl terminal residue [124]. Three new GGPP
analogs were synthesized containing phenyl, tert-butyl and cyclopropyl
substituents. The phenyl-substituted GGPP analog was prepared from an
ethyl acetoacetate dianion 156 coupled with farnesyl bromide 157 to pro-
vide the B-ketoester 158. The potassium enolate was then transformed into
the vinyl triflate 159. Coupling of the triflate with phenylboronic acid and
silver oxide as the base yielded the desired phenyl ester 160. Reduction of
the ester with DIBALH and subsequent phosphorylation provided 3-PhG-
GPP 162 over six steps in 11% yield (Scheme 32) [125].

7.3.4 TRITERPENES

Triterpenes comprise the C, class of isoprenoids and are biosynthesized
through the condensation of two farnesyl diphosphate (FPP) units followed
by reduction. The majority of triterpenes in biological systems result from
‘head-to-head’ condensations of FPP, which result in a linkage between
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Scheme 33. Cornforth’s synthesis of squalene.
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the first carbons in each respective farnesyl group (a 1°-1 linkage). There
are other examples of triterpenes with varied linkages in nature and one
such triterpene, botryococcene (1°-3 linkage), will be discussed later in
this section.

The linear triterpene, squalene, is a key precursor in the biosynthesis of
cholesterol and other steroids. During the condensation of FPP monomers
in the biosynthesis of squalene, a cyclopropyl diphosphate intermediate
(presqualene diphosphate or PSPP) is formed and subsequently reduced
by NADPH to form the final product [126]. Squalene itself then is trans-
formed into the fused tetracyclic core characteristic of sterols and steroids.
The synthesis of sterols, steroids, and other cyclic triterpenes represents a
large body of information and is beyond the scope of this review. In this
section, we will summarize approaches to construction of several repre-
sentative linear triterpenes. Readers with an interest in cyclic triterpenes
are directed to other comprehensive reviews.

An early synthesis of squalene was based on systematic olefin synthesis.
In step 1, The five-carbon and six-carbon building blocks for the external
segments of squalene were derived from a-acetyl-a-chlorobutyrolactone
163 to generate homoallylic chloride 164 and 3,5-dichloropentan-2-one
165 over four steps. Coupling of the C-5 and C-6 fragments with n-BuLi
provided the homogeranyl backbone 166. Following epoxidation and
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Scheme 34. Petersen’s synthesis of squalene using a Claisen rearrangement.
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elimination, the resulting homogeranyl chloride 167 was ready for squa-
lene synthesis.

Step 2 entailed utilizing ketone 165 as the starting material for the syn-
thesis of the internal segment of squalene. Briefly, following ketalization of
165 to generate 1, 3-dioxolane 168, coupling with t-butyl acetoacetate 169
and deprotection provided the central segment, 3,6-dichlorooctane-2,7-di-
one 170, for squalene assembly. Condensation of the products from steps
1 and 2 were accomplished by treatment of two equivalents of homogera-
nyl chloride 167 with two equivalents of n-BuLi and one equivalent of
dione 170 to provide the dicholorosqualene intermediate 171. Subsequent
epoxidation and oxygen elimination as employed in the construction of
homogeranyl chloride provided squalene 172 in 15 steps (Scheme 33);
however, yields for this synthesis were not estimated [127].

One challenge in the chemical synthesis of squalene is stereoselectiv-
ity, as all bonds are found in the trans-configuration. In a later synthesis,
a stereoselective Claisen rearrangement was employed. Starting with suc-
cinaldehyde 173, treatment of the resulting alcohol with iPrMgBr yielded
bis-allylic alcohol 174 in good yield. The alcohol was subject to a Claisen
rearrangement with 3-methoxyisoprene 175 to the C-20 tetraecnedione
176, which was subsequently reduced with sodium borohydride to provide
the tetraenediol 177. Repetition of this sequence of reactions provided
the C-30 squalene 178 backbone. Rearrangement of the terminal double
bonds and elimination of the alcohol groups were accomplished through
the use of thionyl chloride in a substitution reaction to provide the terminal
halides 179, whereupon reduction with lithium aluminum hydride yielded
squalene 172 over eight steps in 7% yield (Scheme 34) [128].

As mentioned previously, linear, branched triterpenes (such as those
with 1°-3 isoprenoid linkages) are also found in nature. The best example
of a triterpene of this nature is botryococcene, which is produced and ac-
cumulated by the B race of the green algae from which its name is derived,
Botryococcus braunii [129-131]. The most abundant of the hydrocarbons
in B. braunii Race B is the tetramethylated derivative of the triterpene,
C-34 botryococcene [132]. This compound is of special interest since it
was demonstrated the botryococcenes are compatible with existing oil
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Scheme 35. White’s synthesis of C34 botrycoccene.

infrastructures and, following hydrocracking, can be used directly as a
‘drop-in’ fuel [133].

The chemical synthesis of the tetramethylated botryococcene is chal-
lenging since there are six stereocenters on the carbon framework. To the
best of our knowledge, there is only a single published report for the total
synthesis of this isoprenoid with the correct stereochemistry in the final
product, although there are several reports of the C-30 botryococcene
and related analogs chemical synthesis [134-137]. Certainly, considering
the interest in botryococcenes as a source of biofuel, novel synthetic ap-
proaches to the methylated versions may prove fruitful in order to study
the enzyme(s) responsible for methylated botryococcene biosynthesis.
Briefly, White et al. recognized the symmetry elements present in the
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structure and thus devised a convergent strategy for condensing the two
symmetric fragments with the core segment to provide the correct stereo-
chemistry in the final product. Specifically, as outlined in (Scheme 35),
Step 1, the synthesis of the symmetric fragment began with a five step
approach from methyl (2S)-3-hydroxy-2-methylpropionate 180 to the ho-
moallylic alcohol 181 in 29% yield. Head-to-tail union of 181 proceeded
through coupling of the dilithio species 182 with the tosylated alcohol 183
to provide the enantiomerically pure C , segment 184 in excellent yield.
The synthesis of the central subunit proved to be much more challeng-
ing. The primary concern was introduction of a quaternary carbon center
with the requisite R-configuration in the core fragment. Starting with R-
methyl ester 185, conversion to the pivotal intermediate methoxymethyl
ester 186 was accomplished in six steps in good yields. Installation of
the quaternary center with the correct stereochemistry was accomplished
by y-deprotonation and 1,4-elimination of the methoxymethyl ester 187
to provide a 3:2 diastereomeric mixture of ester 188. The authors then
used an enantioconvergent strategy to convert both diastereomeric inter-
mediates to the central fragment through alternating protection and de-
protection strategies to provide the enantiomerically pure diiodide central
subunit 190 over thirteen steps in 7% yield. Activation of homoallylic al-
cohol 184 required four steps to the cuprate 191 intermediate and enabled
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coupling of the core fragment 190 to provide (-)-C, -botryococcene 192
over five steps in 8% yield (Scheme 35) [138].

7.3.5 TETRATERPENES

Tetraterpenes, which comprise the C,; class of isoprenoids, are derived
from two C,, geranylgeranyl disphosphates in a head-to-head condensa-
tion reaction. Representative examples include the carotenoids and xan-
thophylls, which have strong anti-oxidant properties and are essential
components in photosynthetic machinery [139]. Further, carotenoids are
used extensively in the food and cosmetic industries as food colorants,
protection against UV-irradiation, and as nutritional supplements [140,
141]. Although the majority of tetraterpenes are isolated from biological
sources, the structural complexity of these isoprenoids proved to be a syn-
thetic challenge largely due to the extensive double bond network and
introduction of the correct stereochemistry at remote positions along the
carbon framework. Two representative examples for achieving this end
are presented.

Lycopene is an acyclic tetraterpene and the immediate precursor
to both a- and B-carotene that consists of 13 double bonds all in the
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Scheme 37. Khachik and Chang’s synthesis of lutein.
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trans-configuration. This compound’s high radical scavenging ability in
addition to being synthetically challenging were major drivers toward
lycopene synthesis [142]. A favorable synthetic route to the all trans-ly-
copene exploited two Wittig-Horner reactions to introduce double bonds
under mild reaction conditions. The starting material, 4,4-dimethoxy-
3-methylbutanal 193, was condensed with methylene bisphosphonic acid
tetraethyl ester 194 in the presence of NaH to provide the C, propenyl
phosphonate 195. Wittig-Horner condensation with the methyl heptenone
196 yielded the dimethoxytriene 197 in the correct double bond configura-
tion. Following deprotection under acidic conditions, aldehyde 198 was
condensed with the identical biphosphonic acid 194 to provide the all-E-
tetraene 199. Another Wittig-Horner reaction with diketone 200 provided
the all trans-lycopene 201 over five steps in 27% yield (Scheme 36) [143].

Lutein is a xanthophyll found in plants for non-photochemi-cal
quenching of singlet excited state chlorophyll, which occurs at high light
intensities, thus prevents photoinhibition. In addition, lutein is a major
dietary carotenoid abundant in fruits and vegetables. The predominant ste-
reoisomer is (3R,3’R,6°R)-f,e-carotene-3,3’-diol [144]. The strategy used
in one synthesis to make this isomer (and others) was to couple C-15 and
C-10 building blocks, then elongate the resulting C-15 hydroxyaldehyde
through a Wittig salt intermediate. Commercially available a-ionone 202
was the starting material for the synthesis of nitrile 203, which enabled
facile chain elongation. Selective oxidation of 203 to the corresponding
conjugated ketone 204 was accomplished in the presence of peroxide and
bleach. Careful reduction of the ketone in the presence of borohydride
provided racemic alcohol 205 in excellent yield. Reduction of the nitrile
moiety to the aldehyde 206 using DIBAL-H resulted in the racemic mix-
ture of hydroxyaldehydes. To isolate the desired (3R, 6R) configuration,
kinetic resolution of 206 was employed using an enzyme-mediated ac-
ylation through Lipase AK. Fortunately, the desired stereoisomer 207 re-
mained unreactive and was readily purified from the acylated enantiomer.
The aldehyde was subjected to olefination using the protected Wittig salt
208 harboring the C  internal portion of the lutein carbon framework re-
sulting in a mixture of cis- and trans-configured 209 products. Following
deprotection of the acetal to provide aldehyde 210, coupling with a second
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Wittig salt reagent 211 appended to the remaining lutein framework pro-
vided a mixture of cis- and trans-lutein 212. The diastereomeric lutein was
isomerized under refluxing conditions and isolated via column chromatog-
raphy and crystallization resulting in stereomerically pure (3R,3’R,6’R)
lutein 213 in 6% yield over nine steps (Scheme 37) [145].

7.4 SUMMARY

Isoprenoids are a tremendous illustration of the cornucopia of chemical
diversity and unique biochemical roles that are possible within members
of a single molecular family. A detailed understanding of these structures,
and of their roles, is empowered by the development of synthetic method-
ologies to produce the corresponding target molecules, and as substrates or
products for detailed enzymological studies. In nature, the biosynthesis of
isoprenoids affects the conversion of small molecule acids (such as those
used in the mevalonate pathway) or carbohydrates (such as those used in
the methylerythritol phosphate pathway) into molecules that are largely al-
iphatic hydrocarbons. Similarly, as is outlined in our review, the synthetic
methodologies to produce a given isoprenoid may draw from and utilize
chemical reactions associated with the construction of hydrocarbons, car-
bohydrates, or diphosphate based bioconjugates.

Whereas the biological production of isoprenoids will likely be the
major route to these compounds, chemical synthesis of isoprenoids and
their corresponding precursors will always be necessary. This is espe-
cially relevant when probing enzyme activity thus requiring the synthesis
of substrate analogs. Emphasis on the chemical syntheses of MEP path-
way intermediates to isoprenoids was a result of the exhaustive efforts
required to probe the enzyme function responsible for tens of thousands
of natural products that are found in all corners of life. It is also important
to highlight the potential of longer chain isoprenoids for use in industrial
applications, including nutracueticals, pharmaceuticals, cosmetics and as
a source for biofuels due to the energy rich composition of these important
compounds.
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CHAPTER 8

Metabolic Process Engineering for
Biochemicals and Biofuels Production

SHANG-TIAN YANG anp XIAOGUANG LIU

8.1 INTRODUCTION

The trends towards using green chemical and energy are increasing due to
the growing demand for non-fossil bio-products, the environmental con-
cern for using fossil fuel, and the continuously increasing cost of crude
oils. The total annual markets of biofuels and biochemicals are estimated
to exceed $1 trillion [1]. Microbial fermentation has been widely used to
produce organic biochemicals and biofuels, including citric acid, lactic
acid, butyric acid, propionic acid, amino acids, ethanol, propanol, butanol,
etc. The rapidly growing biotechnology market requires an efficient bio-
process platform, including both the production cell and the process, for
biochemicals and biofuels production. Metabolic engineering (ME) is of-
ten used to develop high-producing cells needed for the process. However,
ME requires genetically modifying the cell, which can be difficult to do or
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to achieve the expected outcome, especially for less studied microorgan-
isms. Metabolic process engineering (MPE) is a novel and advanced tech-
nology that alters or manipulates metabolic pathway to produce the inter-
ested metabolites by rationally controlling or manipulating bio-production
process parameters. The goal of MPE is to achieve a high-productivity,
high-quality, robust and scalable process through dynamic monitoring and
investigating the interactions between cellular metabolism and process
parameters. Different from the well-known traditional fermentation pro-
cess development, MPE targets to engineer the bio-production process by
controlling the cell physiology and metabolic responses to changes in fer-
mentation process parameters and incorporating the interplay between cell
and process into the rational process design. In this article, we focus on
the application of MPE to improve biochemicals and biofuels production
via precise bioreactor controllers, in situ sensors, and omics technologies.

Fermentation can be disturbed by slight changes in some process
parameters, which leads to variable product quality. The major process
parameters in fermentation include bioreactor operation parameters and
metabolic process parameters. The bioreactor operation parameters (e.g.,
agitation rate, temperature, pH and DO) can be controlled by precise bio-
reactor controllers and in situ probes, which have been well evaluated
and developed in process development in the biotechnology industry. For
example, a fuzzy-PI controller has been developed to maintain a precise
temperature by controlling temperature variation within a narrow range
in large scale ethanol production [2]. The mathematic modelling has been
successfully developed to assess the dynamic behaviour of bio-butanol
fermentation consisting of various interconnected units such as fermen-
ter, cell retention system, and vacuum vessel [3]. However, it is hard to
directly regulate or manipulate metabolic process parameters (e.g., basal
medium, substrate, feed rate and feed formulation) in fed-batch fermenta-
tion due to complicated and dynamically variable metabolic activities of
microorganism.

Fed-batch fermentation has been widely used in biochemical, biofuel
and food industries. The optimal nutrient feeding strategy can main certain
cell growth to support bio-production, avoid nutrient depletion to achieve
high volumetric productivity, and minimize the accumulation of by-prod-
ucts. One challenge to optimize feeding strategy (e.g., feeding rate and
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feed formulation) is how to collect and analyse dynamic metabolic pa-
rameters, including biomass, extracellular metabolites (substrate, product,
by-product, and other metabolite) and intracellular metabolites. Although
HPLC, GC, MS and other analytical technologies have been applied to
analyse substrates and products offline, the profiling of intracellular and
extracellular metabolites (e.g. the interested intermediates and end me-
tabolite in key metabolic pathway), varies in the course of time. Robust,
fast response, precise and in situ probes can partially solve this issue by
providing online sample analysis. Some sensors, including biomass probe,
dissolved oxygen probe, extracellular oxidoreduction potential probe,
and gas monitors, are used in fermentation to monitor cell growth, assess
aerobic metabolism, estimate NAD+/NADH+ ratio, and measure gases
(e.g., CO,, CH, and H,), respectively [4]. In addition, biochemical analys-
ers connected to auto-samplers are used for online monitoring of mul-
tiple metabolites. Different from discrete sensors, the MS based chemical
multisensory systems, named as electronic noses and electronic tongues
[5], have been used in both qualitative recognition of multi-component
media and quantitative analysis of component concentrations in wine pro-
duction. With dynamic metabolite data collected using in situ probes and
auto-samplers, mathematic modelling can be applied to achieve precise
nutrients feed and harvest time in fedbatch fermentation. For example, the
maximum or dynamic substrate feed rate in aerobic fermentation has been
determined by developing a feeding model that correlates substrate mass
transfer and substrate uptake to volumetric oxygen transfer rate [6].
High-productivity fermentation processes have been developed using
traditional bioreactor controller and metabolic process development tools.
However, the rational design of a metabolically engineered fermentation
process to achieve high-productivity, highquality, and high-robustness is
far behind in the biotechnology industry. This is caused by the lack of a
fundamental understanding of the interaction between cellular activities
and fermentation environment. The recent advances in omics technologies
enable the fermentation process profiling, and thereby provides an in-depth
understanding of genome background, global protein profiling, and me-
tabolite map of bio-production. Omics studies usually refer to genomics,
transcriptomics, proteomics, metabolomics and others. 1) Genomics is the
comprehensive and complete analysis of genome using new-generation
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DNA sequencers such as Illumina Hi Seq 2000 or Life Tech SOLiD; 2)
Transcriptomics is a functional genomics analysis by qualifying and quan-
titating messenger RNA using next-generation sequencing technologies;
3) Proteomics is to quantitate the expression of intracellular proteins un-
der defined culture conditions using SELDITOF- MS, UPLC-MS/MS and
MALDI-TOF-MS; and 4) Metabolomics is to identify and quantify a large
number of cellular metabolites using LC-MS.

Omics have been recently used in the biotechnology industry to develop
fundamental understanding of the phenotype in biobutanol and biochemi-
cal production. For example, transcriptomics has been used to analyse
the response of Clostridium acetobutylicum ATCC 824 to butanol stress,
which generated a new medium formulation to maintain high cell growth
and butanol production [7]. Another genome-wide transcriptional analysis
with the next-generation sequencing technology has been performed to
investigate the effect of butyrate supplement on butanol metabolic switch
in C. beijerinckii NCIMB 8052 [8]. With the access and integration with
genomics database and transcriptomics knowledge, it is feasible to iden-
tify metabolites, establish metabolic reactions, and reconstruct metabolic
networks via metabolomics. The core metabolites responsible for carbon,
energy and redox balance, amino acids, end product inhibition and cell
growth under defined culture conditions or production processes can also
be distinguished.

Metabolomics is a powerful approach in MPE because it is capable of
finding the regulatory mechanism of metabolic flux balance or regulation.
Metabolic flux reveals the overall outcome of various cellular components,
such as genes, transcripts, proteins, and metabolites, and interplayed fac-
tors, such as gene regulation, proteinprotein interaction, and metabolic
network. Therefore, the metabolic flux analysis facilitated with metabo-
lomics approach is the key to MPE. The increasing metabolic coverage
and analytical resolution in metabolomics provides the direct evaluation
of pathway intermediates. Multiple software tools (e.g., Open Flux and
Fiat-Flux) are available and allow for user-friendly metabolic flux calcula-
tion by integrating experimental metabolomics data [9,10]. The metabolic
network can be constructed using statistical analysis such as unsupervised
learning, correlation network analysis, pattern recognition, principle com-
ponent analysis, or dynamics control theory [11].
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With the rapid advancement of systems biology, a large amount of
metabolomics data has been accumulated and some well-known public
metabolic pathway databases have been created, such as, MetaCyc, Kyoto
Encyclopedia of Genes and Genomes (KEGG), Pathway Interaction Da-
tabase (PID), Reactome and WikiPathway [12]. Some de novo models
have been developed to facilitate data interpretation, but they rely on the
literature mining and manual processing, so it is still challenging to ex-
tract key information from the big data [13]. To solve this issue, Buchel,
et al. have established Path2Models database by including kinetic, logi-
cal, rule-based, multi-agent, constraint-based and statistical models [14].
The advantage of Path2Models database is that it can automatically gener-
ate mathematical model from pathway data sources, such as KEGG, Bio
Carta, Meta Cyc and SABIO-RK. Various types of models have been de-
veloped based on the Path 2 Models and shared through Bio Modes Da-
tabase and the Cell ML repository [11]. In addition to these databases and
models, computational systems biology modelling will be a good strategy
to perform functional analysis and infer cellular network, which integrates
various statistical frameworks and mathematical formulas [13].

With the continuing market growth for microorganism-based biochem-
icals and biofuels, it is of great interest for the biotechnology industry to
rationally design effective bioprocesses. Rational design requires the ac-
curate prediction of cell responses to changes in fermentation conditions.
The rational process design empowered by omics technologies, especially
transcriptomics and metabolomics, allows for investigating gene expres-
sion, developing metabolite profiling, distinguishing metabolic regulators,
and identifying critical process parameters. Therefore, the integration of
rational design with omics technologies in MPE can contribute to the de-
velopment of metabolically engineered processes for industrial produc-
tion of biochemicals and biofuels with high productivity and high product
quality.

In summary, MPE is a powerful technology that integrates the well-de-
veloped process control techniques, such as precise bioreactor controllers
and in situ sensors, and advanced omics technologies. MPE enables the
rational design of a bio-production process, and thus can lead to a highly
efficient fermentation process for biochemicals and biofuels production.
MPE not only can contribute to the enhanced production of metabolites in
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fermentation but also can provide an indepth understanding of interplays
between cells and the fermentation process. Current metabolic engineer-
ing approaches require genetically modifying the cell, which can be dif-
ficult to do for less studied microorganisms. MPE is easier to implement
than metabolic engineering and should have broad applications in biotech-
nology for the production of chemicals, fuels, and pharmaceuticals.
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CHAPTER 9

Enhanced Genetic Tools for
Engineering Multigene Traits
into Green Algae
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9.1 INTRODUCTION

Microalgae have recently attracted attention as potential low-cost plat-
form for the production of a broad range of commercial products includ-
ing biofuels, nutraceuticals, therapeutics, industrial chemicals and animal
feeds [1]-[11]; and genome engineering will enable and enhance algae-
produced bio-products [1], [5], [6], [12]-[19]. However, while much has
been written about the potential of transgenic microalgae, little of that po-
tential has yet to be commercialized. A major obstacle to generating useful
transgenic algae strains has been the lack of molecular tools and overall
poor expression of heterologous genes from the nuclear genome of many
microalgae species, at least partially due to rapid gene silencing [20]-[23].
For example, a set of validated vectors for targeting transgene products to
specific subcellular locations do not exist, nor does the vector to allow the
expression of multiple nuclear-encoded genes within a single cell.

Enhanced Genetic Tools for Engineering Multigene Traits into Green Algae. © 2014 Rasala et al.
PLoS one 9(4): €94028. doi:10.1371/journal.pone.0094028. Creative Commons Attribution License.
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Previously, we described a nuclear expression strategy that overcomes
transgene silencing by using the foot-and-mouth-disease-virus (FMDV)
2A “self-cleaving” peptide to transcriptionally fuse transgene expression
to the antibiotic resistance gene ble in the green microalga Chlamydo-
monas reinhardtii [23], [24]. It is believed that the FMDV 2A sequence
“self-cleaves” through ribosome-skipping during translation rather than a
proteolytic reaction, and has been termed CHYSEL (cis-acting hydrolase
element) [25], [26]. This strategy allowed for the selection of transgenic
lines that efficiently express the transgene-of-interest, and this robust ex-
pression remains for many generations. We demonstrated the utility of our
pBle-2A vector with the expression and secretion of the valuable industrial
enzyme, xylanase [23]. Furthermore, this expression strategy enabled, for
the first time, the robust expression of six fluorescent proteins (FPs) in
the cytosol of green microalgae [24]. FPs have become essential research
tools that have revolutionized many fields of biology

Here we report the construction and validation of a set of transforma-
tion vectors that enable protein targeting to distinct subcellular locations,
and present two complementary methods for multigene engineering in the
eukaryotic green microalga C. reinhardtii.

9.2 RESULTS

Here we describe vectors that enable protein targeting to four important
organelles: the nucleus, mitochondria, endoplasmic reticulum (ER), and
chloroplast (Table 1). The nucleus houses the majority of the cell's genetic
material, and therefore is critical for the regulation of most gene expres-
sion. To generate a nucleus-targeting vector, a tandem copy of the nuclear
localization signal (NLS) from simian virus 40 (SV40) [27] was fused
to the C-terminus of mCerulean, and transcriptionally linked to ble-2A
(Figure 1A). Cells transformed with mCerulean-2xNLS displayed fluores-
cence signals that were concentrated in the nucleus (Figure 1E-G, Figure
S1A), as confirmed by co-staining fixed mCerulean fluorescent cells with
the nuclear DNA-stain Hoechst (Figure S1B).

Mitochondria function in respiration, producing ATP via oxida-
tive respiration, and therefore play an essential role in cell metabolism.
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FIGURE 1: Chlamydomonas transformation vectors for protein targeting to specific
subcellular locations. A-D. Schematic representation of Chlamydomonas targeting
vectors. All transformation vectors contain the hsp70/rbcs2 promoter (P), the ble gene
that confers resistance to zeocin, the 2A self-cleaving sequence from foot-and-mouth-
disease virus, and the rbcs2 terminator (T). The site of cleavage is indicated with an
arrowhead. A. pBR28, mCerulean is targeted to the nucleus by a C-terminal fusion to
2xSV40 NLS. B. pBR29, mCherry is targeted to the mitochondria by an N-terminal fusion
to the mitochondrial transit sequence (MTS) of mitochondrial atpA. C. pBR32, mCherry
is targeted to the chloroplast using the chloroplast transit sequence (CTS) from psaD. D.
pBR30/31, mCherry is targeted to the ER using the ER-transit sequence (ER-TS) from
either BiP1 or arsl. The ER retention sequence H-D-E-L is fused to the C-terminus of
mCherry. E-P. Microscopy images of cells transformed with pBR28 (E-G), pPBR29 (H-J),
pBR32 (K-M), and pBR30 (N-P). Top row are live cell images of the fluorescent proteins
targeted to the nucleus (E), mitochondria (H), chloroplast (K) or ER (N, O). (I) The cell
is co-stained with the mitochondrial dye Mitotracker. (N) Cross section through the top
of a cell expressing mCherry in the ER allows for the visualization of the cortical ER
network. (O) Cross section through the middle of the same cell as in (N). The chloroplast
membranes are visualized in (F), (L) and (P). Merged images are shown in the bottom row.
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Mitochondria also function in the metabolism of amino acids, lipids, iron,
calcium homeostasis, apoptosis and cell signaling. To generate a mito-
chondria-targeting vector, the N-terminal mitochondria transit sequence
(MTS) from the nuclear gene encoding the alpha subunit of the mitochon-
drial ATP synthase located in the mitochondrial matrix, was fused between
ble-2A and mCherry (Figure 1B). Live cell microscopy of independent
clones transformed with MTS-mCherry shows mCherry signal localized
to tubular mitochondrial networks [28]-[30] (Figure 1H, Figure S1D),
which was confirmed by co-localization with Mitotracker, a mitochondria-
specific dye (Figure 11, J, Figure S1D).

The most studied C. reinhardtii organelle is the chloroplast, the site of
photosynthesis. C. reinhardtii has a single cup-shaped chloroplast that oc-
cupies about 75% of the volume of the cell. The chloroplast is also the site
of multiple metabolic reactions, including the biosynthesis of amino acids,
isoprenoids, fatty acids, and starch [31]. The chloroplast transit sequence
(CTS) from the photosystem I protein psaD was chosen for the chloro-
plast-targeting vector (Figure 1C), as it has been used previously to target
heterologous proteins to the chloroplast in C. reinhardtii [32]. Cells trans-
formed with the ble2A-CTS-mCherry vector displayed red fluorescence

TABLE 1: Summary of transit peptides and targeting sequences used in this study.

Vector Location Transit sequence Size Function Reference
pBR28 Nuclear 2x SV40 NLS 20 aa Tandem copy of a commonly
nuclear localization | used in mam-
sequence from SV40 | malian vectors
pBR29 | Mitochondria atpA 45aa Alpha subunit of this report
mitochondrial ATP
synthase.
pBR30 ER BIP1 3laa Chaperone, Hsp70 this report
superfamily.
pBR31 ER ARS1 30aa Periplasmic protein Rasala et al.,
involved in mineral- 2012
ization of sulfate by
hydrolyzing sulfate
esters.
pBR32 Chloroplast PSAD 35aa Protein of Fischer and
Photosystem 1. Rochaix, 2001
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signals that properly localized to the chloroplast (Figure 1K, Figure S1E)
and partially overlapped with chloroplast auto-fluorescence derived from
chlorophyll and other pigments localized in chloroplast photosynthetic
membranes (Figure 1L, M)

The endoplasmic reticulum (ER) forms an extensive interconnected
network of tubules and flattened stacks located throughout the cytoplasm
and is continuous with the nuclear envelope [33]. The ER has multiple
functions, including translocation and modification of proteins destined for
secretion. It also functions in lipid metabolism, carbohydrate metabolism,
and detoxification. Two ER-targeting vectors were created by fusing the
ER signal sequence of the C. reinhardtii genes arsl or bipl between ble-
2A and mCherry; and the ER retention signal His-Asp-Glu-Leu (HDEL)
[34] was fused to the C-terminus of mCherry (Figure 1D). arsl encodes
for a secreted arylsulfatase [35], and its signal peptide has been shown to
target heterologous xylanase 1 for secretion [23]. BiP1 is an ER-localized
chaperone of the HSP70 superfamily [36]. Using live cell microscopy,
cells transformed with either ER-targeting vector displayed mCherry lo-
calization to reticular, net-like structures under the plasma membrane,
which are reminiscent of cortical ER that has been characterized in other
cukaryotes (Figure 1N). Z planes focused through the middle of cells dem-
onstrate that mCherry localizes to a structure that is continuous with the
nuclear envelope (Figure 10, P, Figure S1C). While we were unable to
identify any ER-specific dyes that function in Chlamydomonas, we are
confident that both ars1-mCherry-HDEL and BiP1-mCherry-HDEL suc-
cessfully targets the FP to the ER, based on the resultant distinct and char-
acteristic localization pattern.

To verify the fluorescence live cell microscopy data, SDS-PAGE im-
munoblotting was performed on lysates from individual transformants ex-
pressing the targeting vectors described above. Immunoblots demonstrate
that the targeted fluorescent proteins accumulate to detectible levels, are
correctly processed from ble-2A, and display the predicted mobility for
the respective mature protein (Figure S2).

Several successful strategies for the coordinated expression of multiple
genes have been described in other eukaryotes. These include the use of
FMDV-2A and 2A-like peptides to ensure transcriptional co-expression
of multiple proteins encoded in a single open reading frame (ORF) with
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co-translational “cleavage” into distinct peptides [26]. However, with
the exception of a gene-of-interest and an antibiotic resistance marker,
coordinated multi-gene expression has yet to be achieved in green mi-
croalgae. We modified our ble2 A expression strategy to include a second
2A peptide from equine rhinitis A virus (E2A) [37] followed by a third
protein coding sequence (Figure 2A). Transgenic algae expressing the
BlesE2A—mCerulean*2xNLS*F2A—BiPsmCherry"HDELORF were re-
covered which had properly integrated the multi-cistron transgene cassette
and accumulated mCerulean in the nucleus and mCherry in the ER (Figure
2B, C), both at high levels of expression.

A potential disadvantage of the double 2A vector is that the 2A C-
terminal fusion to the middle protein of the poly-cistron may disrupt its
function and/or localization. Thus, we developed a gene-stacking strat-
egy to generate transgenic algae that express up to four targeted proteins
by harnessing the power of genetic breeding. C. reinhardtii is a haploid
organism that normally divides vegetatively. However, under certain con-
ditions, a mating-type plus (mt+) gamete will mate with a mating-type mi-
nus (mt-) gamete to form a diploid zygospore that then undergoes meiosis
to yield four haploid progeny. During this mating, genes integrated into
separate chromosomes can individually assort resulting in progeny with
genes from either parent. To test whether we could cross two transgenic
lines and obtain a single progeny that contained both transgenes that were
still expressed at desirable levels, we mated an mt+ strain that expressed
mCherry targeted to the ER (Figure 3A) to an mt- strain that expressed
mCerulean targeted to the nucleus (Figure 3B), both as ble2A fusions.
The progeny were FACS sorted for cells that expressed both mCerulean
and mCherry. The presence and expression of both inherited transgenes
was verified by PCR analysis and fluorescence microplate reader analysis
(Figure 3H and data not shown). Live cell microscopy confirmed that both
engineered genes from the transgenic parents, nuclear-localized mCeru-
lean and ER-localized mCherry, were inherited in selected progeny (Fig-
ure 3C). This process was repeated, mating the two-colored algae to an
additional transgenic line expressing mitochondria-targeted Venus (Figure
3D) to obtain progeny that robustly expressed three engineered transgenes
within a single cell (Figure 3E). After a third round of mating between
the 3-colored strain with a strain that stably express alpha-tubulin fused
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FIGURE 2: Gene stacking using a multi-cistronic transformation vector. A. A schematic
representation of the Chlamydomonas multi-cistronic expression vector. The expression
of the cassette is under the control of the hsp70/rbcs2 promoter (P). Ble confers zeocin-
resistance. mCerulean is targeted to the nucleus with the SV40-NLS. mCherry is targeted
to the ER using the BiP ER-TS and the HDEL retention sequence. Two 2A self-cleaving
sequences are fused between the three cistrons: F2A, from FMDV1; E2A, from equine
rhinitis A virus. Black arrows represent the location of the oligonucleotides used in (B).
Following co-translational processing of the 2A peptides, three distinct proteins are
expressed (ovals). B. PCR analysis of the multi-cistron cassette genome integration.
Transformants were screened by PCR to identify individual clones that correctly integrated
the multi-cistronic transformation vector, using the oligonucleotides indicated by the
arrows in (A). Three independent clones (cl) are shown. L, ladder; WT, wildtype cc1690;
NTC, no template control; P, plasmid. C. Live cell fluorescence microscopy of a clone
expressing the multi-cistronic vector. mCerulean-NLS (blue) localizes to the nucleus while
BiP-mCherry-HDEL (red) is targeted to the ER. Scale bar, 5 pm.

to mTagBFP (Figure 3F), we obtained progeny that expressed four differ-
ent FPs, all properly localized to four distinct subcellular locations: the
nucleus, ER, mitochondria, and flagella (Figure 3G).

To determine whether the two gene stacking approaches described
above could be used in combination, we mated three independent clones
that stably express proteins from the multi-cistron double-2A vector,
to three independent clones of the opposite mating type that express
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B-glucuronidase (GUS) marked with hygromycin-resistance. GUS is an
enzyme involved in the catalysis of carbohydrates and is widely used as a
reporter. Progeny from the cross were selected on TAP agar plates contain-
ing both zeocin and hygromycin B, and screened for the presence of the
BlesE2A—mCerulean*2xNLS*F2A—BiPsmCherrysHDELORF by PCR as
described above. Progeny from 8 of the 9 matings retained the multi-cis-
tron ORF in greater than 85% of the progeny screened (Figure S3A), sug-
gesting that the large expression cassette does not undergo rearrangement
during meiosis. Importantly, the majority of the progeny express mCherry
and mCerulean to the same or even slightly better levels than the par-
ents (Figure S3C, D). The progeny were also screened for the presence
and expression of the GUS gene. As expected, the majority of the hygro-
mycin-resistant progeny also retained the genetically linked GUS gene
(Figure S3B). Interesting, while the parents displayed poor expression of
B-glucuronidase likely due to transgene silencing, most of the progeny
tested displayed significant GUS enzyme activity (Figure S3E).

9.3 DISCUSSION

The use of transgenic microalgae for the production of bioproducts has
enormous economic and biotechnology promise, because algal production
combines the simplicity and speed of haploid, single-cell genetics in an
organism with elaborate biosynthetic potential, and with the associated
economic benefit of using photosynthesis to drive product formation. Here
we describe key genetic tools that will enable complex genetic and meta-
bolic engineering in green microalgae: the ability to target gene products
to specific subcellular locations, and vectors and well-characterized pro-
tocols that enable multi-gene stacking within a single transgenic cell. We
have generated a class of nuclear transformation vectors that efficiently
and specifically target transgene products to the nucleus, mitochondria,
ER and chloroplast (Figure 1). Furthermore, the transit sequences can be
used in combination with multiple 2A self-cleaving sequences to gener-
ate multi-cistron vectors that enable robust and coordinated expression of
multiple recombinant proteins from a single transcript (Figure 2). Finally,
we describe methods to stack up to four transgenes within a single cell
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FIGURE 3: Gene stacking through mating. An mt+ strain transformed with pBR30 (A) was
crossed with an mt- strain transformed with pBR28 (B). Progeny that expressed mCherry
in the ER and mCerulean in the nucleus were obtained (C). Cell lines expressing both ER-
mCherry and nuclear mCerulean were crossed with cells transformed with mitochondria-
targeted Venus (D), to obtain progeny that stably expressed three distinct FPs in three
sub-cellular locations (E). These cell lines were crossed to transgenic cells that expressed
a-tubulin (TUA1) fused to mTagBFP (F), to obtain progeny that expressed four FPs in
four distinct subcellular locations (G). H. Fluorescence plate reader assays of the parents
and progeny indicate that FP expression remains stable following matings. Cell lines were
assayed for mCherry expression (ex575/em608), mCerulean expression (ex450/em486),
and Venus expression (ex515/em550). ER-mCherry parents (ER-mCher 10 and 27),
nuclear mCerulean parent (Cerulean NLS) and mitochondrial Venus parents (MTS Venus
19 and 28) are shown along with WT cc1690. 2 color cell lines 1-4 express ER-mCherry
and Cerulean-NLS. 3 color cell lines 1-6 express ER-mCherry, nuclear mCerulean and
mitochondrial Venus. Scale bars, 5 um.



196 New Biotechnologies for Increased Energy Security: The Future of Fuel

(Figure 3 and Figure S3). Importantly, transgene expression remains ro-
bust throughout the mating process, suggesting that the microalgal silenc-
ing mechanism(s) are not activated during gametogenesis or meiosis.

Sophisticated genetic engineering often requires the coordinated ex-
pression of more than one gene. For example, multi-gene engineering has
been used for therapeutics [38]-[40], and metabolic engineering [41]-[43].
Metabolic networks are complex in all eukaryotic organisms including al-
gae, and individual biochemical steps of a single pathway can sometimes
take place in multiple subcellular compartments [44], [45]. Thus, in or-
der to achieve complex genetic and metabolic engineering in microalgae,
transformation vectors that target multiple proteins (enzymes) to specific
cellular locations — such as the ones described above - are required.

One of the biggest challenges to nuclear genome engineering in C. re-
inhardtii is transgene silencing [20]-[23]. For example, when mCerulean
or GUS are directly linked to the PAR1 promoter and integrated into the
nuclear genome, the reporter proteins are nearly undetectable (Figure S4).
Previously, we developed an expression strategy to overcome transgene
silencing by transcriptionally linking the transgene-of-interest to the se-
lection marker Ble through a 2A self-cleaving sequence [23]. Here, we
demonstrate that this expression strategy can be used in combination with
organelle targeting sequences to direct protein localization to desired sub-
cellular locations. Furthermore, our data show that the targeted proteins
are well-expressed. Ble is the most effective selection marker for over-
coming silencing tested thus far (our unpublished data). This is likely be-
cause Ble functions by sequestration rather than enzymatic inactivation,
binding to zeocin in a 1-to-1 ratio [46]. Thus high levels of Ble expres-
sion are required to survive zeocin selection. However, the ability to use
only one selection marker limits the utility of the ble-2A expression strat-
egy. The double 2A multi-cistron vector was developed to overcome this
limitation. Indeed, the multi-cistron vector was used to co-express two
reporter proteins that were directed to two distinct subcellular locations.
We further demonstrate that the double 2A vector is stable; the similar 2A
sequences do not recombine during vegetative cell division or meiosis to
loop out the middle coding sequence.

A second gene-stacking strategy investigated was gene-stacking
though mating. Two strains of opposite mating types engineered to express
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ble-2A-ER-mCherry or ble-2A-mCerulean-NLS were mated, germinated
on TAP/zeocin plates and then FACS sorted for mCherry and mCerulean.
Even though progeny were selected on zeocin, either ble2A construct
could provide antibiotic resistance. Thus, there was only selection pres-
sure for the expression of one — and not both — of the ble2A constructs.
Notably, however, we were able to recover strains that robustly expressed
both mCherry and mCerulean. This result was repeated with three and
then four transgenes. Indeed, even when we were unable to distinguish
mTagBFP from mCerulean by FACS and therefore progeny could not be
enriched by flow cytometry, we were still able to easily recover strains in
which mCerulean-NLS and mTagBFP-TUA were well expressed. These
data suggest that the robust silencing mechanisms that are well-described
but poorly understood may not affect transgenes once they have escaped
the initial mechanism of silencing upon transformation and integration.

Indeed, our data indicate that transgene silencing may even be less-
ened following mating and meiosis. Two independent transgenic strains
expressing a silenced GUS gene were mated and GUS-positive progeny
were assayed for GUS expression (Figure S3). Most of the progeny from
both crosses displayed significantly more GUS activity than the parent
strains. We are currently investigating the molecular mechanism behind
these notable results.

Microalgae are poised to revolutionize many industries including en-
ergy, nutrition, health, and specialty chemicals. The molecular genetic
tools and methods described here for multi-gene engineering and protein
targeting will significantly advance the current state of microalgae genetic,
metabolic, and pathway engineering, and therefore impact the develop-
ment of transgenic algae as a biotechnology platform.

9.4 MATERIAL AND METHODS

9.4.1 ALGAL STRAINS, TRANSFORMATIONS
AND GROWTH CONDITIONS

The C. reinhardtii strains used in this study were cc1690 (mt+) and cc1691
(mt-, Chlamydomonas Resource Center). Cells were transformed by elec-
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troporation as described previously [23]. Transformants were selected on
TAP (Tris—acetate—phosphate) agar plates supplemented with 2.5-10 pg/
ml zeocin. Transformants were screened by PCR to identify gene positive
transformants as described previously [23].

9.4.2 PLASMID CONSTRUCTION

mCherry, Venus, mCerulean, and mTagBFP were codon-optimized for
expression from the nuclear genome of C. reinhardtii, as previously de-
scribed [24]. The organelle transit sequences from bipl, psaD, and atpA
were PCR-amplified from genomic DNA isolated from cc1690, using
the oligonucleotides described in Table S1, and fused between ble2A and
mCherry in the pBR9 vector [24] using the GeneArt Seamless Cloning
Kit (Life Technologies, Carlsbad, CA). The 2x SV40 NLS was codon-
optimized for C. reinhardtii nuclear expression, synthesized as sense and
antisense single stranded oligonucleotides, annealed, and cloned into
pBR25 [24] that had been digested with BamHI and EcoRI. His-Asp-Glu-
Lys (HDEL) was fused to the end of mCherry by PCR using a reverse
oligonucleotide encoding for the ER retention sequence. mCherry-HDEL
was cloned behind Ble-2A-BiP or Ble-2A-ARS1 [23] by restriction di-
gest and ligation using the enzymes Xhol and BamHI. To generate pBR26
double-2A vector, the 2A sequence from equine rhinitis A virus (E2A)
[37] was first codon-optimized, synthesized, and tested for self-cleavage
in C. reinhardtii (our unpublished data). pBR30 was linearized by PCR
and mCerulean-NLS and E2 A were fused between Ble2A and BiP-mCher-
ry-HDEL using the GeneArt Seamless Plus Cloning Kit (Life Technolo-
gies). GUS was codon-optimized for expression from the nuclear genome,
synthesized and cloned into the pBR2 hygromycin resistance expression
cassette [23] by restriction digest with Ndel and BamHI.

9.4.3 FLUORESCENCE MICROSCOPY

Representative clones were grown in TAP media without antibiotics to late
log phase on a rotary shaker. Mitotracker Green FM (Life Technologies)
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was used to stain the mitochondria of live cells as per the manufacturer's
instructions. Live cells were plated on TAP/1% agar pads prior to image
acquisition. Images were captured on a Delta Vision (Applied Precision
Inc., Issaquah, WA) optical sectioning microscope system composed of
an Olympus IX71 inverted microscope (Center Valley, PA) equipped with
an Olympus UPlanSApo 100%/1.40 objective and a CoolSNAP HQ2/
ICX285 camera (Photometrics, Tucson, AZ). The following filters were
used: mTagpBFP, excitation 360/40 nm, emission 457/50 nm; mCerulean,
excitation 436/10 nm, emission 470/30 nm; Venus, excitation 470/40 nm,
emission 515/30 nm; mCherry, excitation 558/28 nm, emission 617/73 nm;
and Mitotracker Green FM, excitation 470/40 nm, emission 515/30 nm.
Image acquisition and deconvolution were performed using Resolve3D
SoftWoRx-Acquire (Version 5.5.1, Applied Precision Inc). Brightness and
contrast were adjusted using Adobe Photoshop CS3 or Image] software.
The images in Figure S1 were adjusted identically.

9.4.4 FLUORESCENCE MICROPLATE READER ASSAY

Cells were grown in TAP media without antibiotics until late log phase.
100 pls of cells were transferred, in triplicate, to wells of a black 96 well
plate (Corning Costar, Tewksbury MA), and fluorescence was read using
a Tecan plate reader (Tecan Infinite M200 PRO, Ménnedorf, Switzerland).
Fluorescence readings with the indicated excitation/emission filters were
acquired using a calculated optimal gain, which was determined prior to
each reading. TAP media was used to blank the readings. Fluorescence
signals were normalized by chlorophyll fluorescence (excitation 440/9
nm, emission 680/20 nm).

9.4.5 CHLAMYDOMONAS MATINGS

Matings were performed using the following protocol: gametes were gen-
erated by incubating mt+ and mt- cells overnight in nitrogen-free liquid
TAP. Mt+ gametes were mixed with mt- gametes for 2—4 hours, and the
mating reactions were plated to TAP/3% agar plates and incubated in the
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dark for 5—7 days. Unmated cells were scraped off to the side using a ster-
ile razor blade and the plates were subjected to chloroform treatment to
kill any remaining unmated cells. For the matings described in Figure 3,
spores were collected using an inoculating loop and struck onto TAP agar
plates supplemented with 10 ug/ml of zeocin and incubated in the light un-
til colonies appeared. For the matings described in Figure S3, spores were
inoculated into 50 ml TAP and grown in light until late log phase. Cells
were then plated to TAP agar plates containing 10 pg/ml of zeocin and 15
pg/ml of hygromycin B.

9.4.6 FLUORESCENCE ACTIVATED CELL SORTING

Progeny from matings were inoculated into TAP liquid cultures without
antibiotics and grown to late log phase, diluted back 1:10, and grown for
another 12-24 hours. The cultures were then sorted for expression of the
appropriate fluorescence proteins on a BD Influx cell sorter (BD Biosci-
ences, Vannas, Sweden), gating for mCherry+ and mCerulean+ for the
2-color strain; and mCherry+, mCerulean+ and Venus+ for the 3- and
4-color strain. Sorted progeny were verified by PCR analysis to confirm
the presence of the targeted-FP genes, and by plate reader assay prior to
microscopy. mCherry-expressing cells were identified using a 532 nm la-
ser and a 585/40 nm filter to detect red fluorescence. mCerulean-express-
ing cells were identified using a 457 nm laser and a 480/40 nm filter to
detect cyan fluorescence. Venus-expressing cells were identified using a
488 nm laser for excitation and a 530/40 nm filter. mTagBFP fluorescence
could not be distinguished from mCerulean fluorescence in the 4-color
strain, rather cells were sorted for cyan/blue, yellow, and red fluorescence
and then verified by PCR analysis and plate reader assay for the presence
of all four desired FP genes.

9.4.7 GUS ACTIVITY ASSAY

Cell cultures were grown in liquid TAP media without antibiotics to late
log phase in 12-well plates. 100 pls of cells were incubated with 25 pls
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of 1 mg/ml 4-methylumbelliferyl-beta-D-glucuronide (Sigma, St. Louis,
MO) in a 96-well black microplate for 20 minutes. GUS activity was de-
termined using a fluorometric assay, by measuring the accumulation of the
fluorescent product (ex365/em455).
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CHAPTER 10

Development of a Broad-Host Synthetic
Biology Toolbox for Ralstonia eutropha
and Its Application to Engineering
Hydrocarbon Biofuel Production

CHANGHAO BI, PETER SU, JANA MULLER, YI-CHUN YEH,
SWAPNIL R. CHHABRA, HARRY R. BELLER, STEVEN W. SINGER
AND NATHAN J. HILLSON

10.1 INTRODUCTION

Chemoautotrophic “Knallgas” bacteria can utilize H,/CO, for growth un-
der aerobic conditions, and have great potential to directly produce liquid
fuels from CO, and/or syngas [1,2]. Ralstonia eutropha (R. eutropha), the
model bacterium of this class, can grow to very high cell densities (>200
g/L) [3]. Under nutrient limitation, R. eutropha directs most of its carbon
flux to the synthesis of polyhydroxybutyrate (PHB), a biopolymeric com-
pound stored in granules. Under autotrophic growth conditions with H,/
CO,, R. eutropha has been reported to synthesize 61 g/L of PHB (repre-
senting ~70% of total cell weight) in 40 h [4]. With random mutagenesis
and relatively simple engineering, PHB and related polyhydroxyalkanoate
polymers have been produced in R. eutropha on industrial scales [3].

Development of a Broad-Host Synthetic Biology Toolbox for Ralstonia eutropha and Its Application
to Engineering Hydrocarbon Biofuel Production. © 2013 Bi et al.; licensee BioMed Central Ltd. Mi-
crobial Cell Factories 2013, 12:107 doi:10.1186/1475-2859-12-107. Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0).



208 New Biotechnologies for Increased Energy Security: The Future of Fuel

While R. eutropha has great potential to be engineered to produce de-
sired compounds (beyond PHB) directly from CO,, little work has been
done to develop genetic part libraries to enable such endeavors. Although
suicide vectors have been used to generate in-frame deletions and point
mutations in R. eutropha [5], and previously reported broad-host range
expression systems [6] may be transferable to R. eutropha, to date, the
only established inducible expression system for R. eutropha has been a
pBBRI-derived vector with a P, - promoter [7]. Here, we have initiated
the development of a synthetic biology toolbox to enable complex meta-
bolic engineering applications in R. eutropha H16. We evaluated a vari-
ety of vectors, promoters, 5> mRNA stem-loop sequences, and ribosomal
binding sites (RBSs), and rationally mutated and engineered these genetic
components to improve and diversify their function in R. eutropha. We
then applied the resulting toolbox to engineer and optimize a hydrocarbon
production pathway. Taken together, this work develops and demonstrates
the engineering utility of a plasmid-based toolbox for R. eutropha.

10.2 RESULTS

10.2.1 BROAD-HOST VECTOR
EVALUATION AND ENGINEERING

Three broad-host-range plasmid vectors were selected as starting points
for the construction of new plasmid-based expression systems for R. eut-
ropha: 1) pCM62, a low-copy-number plasmid within the IncP incompati-
bility group [8]; 2) pPBBR1IMCS, a medium-copy-number plasmid [9]; and
3) pKT230, a high-copy-number plasmid within the IncQ group contain-
ing the RSF1010 origin [10]. The kanamycin-resistance selection marker
within pKT230 was replaced with a chloramphenicol-resistance marker
to enable co-selection with pCM62 and pBBR1MCS-derivative plasmids.
An inducible rfp expression cassette containing a P, / promoter [7], an E.
coli consensus RBS, rfp, and a double terminator was incorporated into all
three plasmid types. While none of the resulting plasmids were success-
fully electroporated into R. eutropha, they were all successfully transcon-
jugated. As shown in Figure 1A, pBADrfp (the pBBRIMCS-derivative,
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see Table 1) provided the highest induced RFP expression level, while pK-
Trfp and pCMrfp had lower expression levels. Plasmid pBADrfp (BBR1
origin, kanamycin resistance) co-propagated stably with pKTrfp (KT ori-
gin, chloramphenicol resistance) or pCMrfp (CM62 origin, tetracycline
resistance) in R. eutropha (data not shown).

To increase the copy number of the pCMrfp plasmid, previously re-
ported site-directed mutations were made to the trfA gene [15]. While pu-
tatively high-copy-number pCMrfp mutants (TrfA positions 251, 254 and
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FIGURE 1: Plasmid expression vector RFP fluorescence intensities and copy numbers. (A)
Induced RFP fluorescence intensity/OD, , (dark bars) and plasmid copy numbers (square
dots) for the various origins of replication. (B, C) Induced (dark bars) and uninduced
(light bars) RFP fluorescence intensity/OD,, for the various (B) promoters and (C) RBS
sequences.
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TABLE 1: Strains and plasmids used in this study.
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Strain Description Reference
R. eutropha R. eutropha wildtype strain currently classified as Cuparividus | ATCC 17669
Hl16 necator
R. eutropha H16 A(H16_A0459-0464, H16_A1526-1531); Abeta ox; mutant [11]
H16 A2303 is deficient in native-oxidation
E. coli DH10B F' proA+B+lacl® AlacZM15/ thuA2 A(lac-proAB) glnV galR NEB
(zgb-210::Tn10) TetSendAl1 thi-1 A(hsdS-mcrB)5
E. coli S17 E. coli host strain for transconjugation [12]
Plasmid Description Reference
pCM62 Broad host-range plasmid IncP group; amp®, tet® [8]
pBBRIMCS Broad host-range plasmid compatible with IncQ, IncP, IncW, [9]
and colE1; kan®
pKT230 Broad host-range plasmid IncQ group; kan® [10]
pBADrfp pBBRIMCS derivative; P, | rfp [13]
pBbES8c-RFP colE1; Py, rfp; cm® [14]
pBbA8a-RFP pl5a; Py, rfp; amp® [14]
pKTrfp pKT230 derivative; P, rfp; cm® This study
pCMrfp pCM62 derivative; P, | rfp; amp®, tet® This study
pCM271rfp pCMrfp with TrfA R271C mutation This study
pCM273rfp pCMrfp with TrfA R273C mutation This study
pCM291rfp pCMrfp with TrfA Q291G mutation This study
pBADTrfp pBADrfp derivative; P, | T7 stem-loop_rfp This study
pXylsTrfp pBADTrfp derivative; P ., T7 stem-loop_rfp This study
pUVSTrfp pBADTrfp derivative; P, . T7 stem-loop_rfp This study
pIUVSTrfp pBADTtfp derivative; lacl®; P, .. T7 stem-loop_rfp This study
pTetTrfp pBADTrfp derivative; P, _T7 stem-loop_rfp This study
pProErfp pBADTrfp derivative; | rfp This study
pProSrfp pBADTp derivative; P rfp This study
pBADT7Trtp pBADTrfp derivative; P, . T7 polymerase; PT7_T7 stem- This study
loop_rfp
pYIUVSTrfp pBADTtfp derivative; lacY lacl P, . T7 stem-loop_rfp This study
pBADTcalRB- pBADTrfp derivative; Py, T7 stern-loopicalRBSrﬁHrfp This study
Srfp
pBADTnrd- pBADTtfp derivative; Py, T7 stem-loop_nrdDRBS_rfp This study

DRBSrfp
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TABLE 1: CONTINUED.

pKTTrfp pKT230 derivative; P, T7 stem-loop_rfp; cm® This study
pCMTrfp pCM62 derivative; Py, T7 stem-loop_rfp This study
pCM271Trfp pCMB62 derivative; pCMTrfp with TrfA R271C mutation This study
pCM271Tcal- pCM271rfp derivative; Py, T7 stem-loopicalRBSrﬁk rfp This study
RBSrfp
pBADTHC pBADrfpT derivative; P, . T7 stem-loop_aar_adc This study
pKTTHC pKTrfp derivative; P, T7 stem-loop_aar_adc This study
pCMTHC pCM62 derivative; P, . T7 stem-loop_aar_adc This study
pCM271THC pCM271rfp derivative; P, | T7 stem-loop_aar_adc This study
pBADHC pBADrfp derivative; P, | aar adc This study
pXylsTHC pBADrfp derivative; P17 stem-loop_aar_adc This study
pYIUVSTHC pYIUVS5Trfp derivative; P, . T7 stem-loop_aar_adc This study
pBADTcalRB- | pBADTHC derivative; P, T7 stem-loop_calRBS__aar cal- This study
SHC RBS,, adc
pBADTnrd- pBADTHC derivative; P, | T7 stem-loop_nrdDRBS_aar_ nrd- This study
DRBSHC DRBS_adc
pCM271Tcal- | pCM271rfp derivative; P, T7 stem-loop_ calRBS _aar cal- This study
RBSHC RBS,, adc

234) were not successfully transconjugated and established in R. eutro-
pha, possibly because high-copy-number plasmids are not well tolerated
in R. eutropha[16], medium-copy-number pCMrfp mutants (TrfA R271C,
R273C and Q291G) were established. The mutant pCMrfp plasmids pC-
M271rfp, pCM273rfp, and pCM291rfp were measured to have higher
RFP expression levels than pCMrfp (Figure 1A). To determine the abso-
lute copy numbers of the pCMrfp plasmid variants, gPCR was performed
using R. eutropha colonies as the source of the template (Figure 1A). pC-
M271rfp was determined to have the highest copy number (44.8+8.5 cop-
ies per cell) among the pCMrfp variants. pCM273rfp and pCM291rfp both
had higher copy numbers than pCMrfp.

10.2.2 T7 STEM-LOOP STRUCTURE EVALUATION

A T7 stem-loop structure [17] was inserted upstream of the RBS of the rfp
gene on plasmid pBADrfp, yielding pPBADTrfp. Introducing the T7 stem-
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loop structure into pPBADTrfp increased RFP expression (1814236 RFP
intensity/OD, Figure 1B) by approximately 2-fold over pBADrfp levels
(798+ 185 RFP intensity/OD) (Figure 1A).

10.2.3 INDUCIBLE PROMOTER SYSTEM
EVALUATION AND ENGINEERING

In addition to PBAD, several other inducible promoter systems were
evaluated in R. eutropha. Various repressor or activator genes along with
their respective operators and promoters were inserted into pBADTrfp,
replacing araC/PBAD. As shown in Figure 1B, the PBAD (pBADTr{p)
and Pxyls/PM (pXylsTrfp) promoter systems provided the highest RFP
expression upon induction. This is the first demonstration that the Pxyls/
PM promoter system is functional in R. eutropha. The T7 promoter con-
trolled by PBAD-induced T7 polymerase (pBADT7Trfp), although only
providing modest RFP expression upon induction, had very little expres-
sion in the absence of induction. PlacUVS5 (pUV5Trfp and pIUV5Trip),
Ptet (pTetTrfp), and Ppro (pProErfp and pProSrfp) systems did not show
inducible expression in R. eutropha (Additional file 1: Figure S1, and data
not shown). The Plac/lacl system has been reported previously not to be
functional in R. eutropha[18]. Genomic sequence comparison between
R. eutropha H16 and E. coli revealed that R. eutropha lacks the galac-
tose permease gene lacY. This permease facilitates the transportation of
lactose as well as the Plac inducer IPTG into E. coli[19]. A lacY gene
codon-optimized for R. eutropha expressed from a constitutive promoter
was incorporated into pIlUVS5Trfp, yielding pYIUVS5Trfp. As shown in
Figure 1B and Additional file 1: Figure S1, the incorporation of the lacY
gene into pYIUVSTrfp enabled the IPTG-inducible expression of RFP
from PlacUV35, although the expression level is low compared to those of
PBAD and Pxyls/PM.

Cross-induction perturbation assays were performed to test if the
chemical inducers L-arabinose (PBAD), m-toluic acid (Pxyls/PM), and
IPTG (PlacUV5) affect the performance of their non-cognate promoter
systems (Table 2). For the most part, the three chemical inducers did not
significantly perturb their non-cognate promoter systems. For example, the
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induction of Pxyls/PM by 1 mM m-toluic acid retained 95.4% and 98.0%
of normal levels, respectively, when 1 mM IPTG or 0.1% L-arabinose
were added. An important exception is that | mM m-toluic acid negatively
impacted the induction of PBAD by 0.1% L-arabinose to about 60% of
normal levels. However, when the m-toluic acid concentration was re-
duced from 1 mM to 0.5 mM, the induction of PBAD by 0.1% L-arabinose
remained at 91.7+1.6% of normal levels.

10.2.4 RIBOSOMAL BINDING SITE SEQUENCE EVALUATION

Three RBS sequences were evaluated to compare their translation initia-
tion efficiencies in R. eutropha: 1) an E. coli consensus RBS sequence
(pBADTrfp), 2) a RBS calculator [20] designed RBS sequence (pBADT-
calRBSrfp), and 3) the R. eutropha nrdD RBS sequence (pBADTnrd-
DRBSrfp). RBS calculator parameters were specified towards designing a
strong RBS sequence for R. eutropha, with the setting at “max”, provided
pBADTtfp RBS region context. The E. coli consensus RBS provided the
highest RFP expression levels (Figure 1C), while the computationally de-
signed RBS provided medium to high RFP expression, and the native R.
eutropha nrdD RBS provided the lowest RFP expression levels.

TABLE 2: Promoter cross-induction test.

Promoter Non-cognate inducer added
L-arabinose m-toluic acid IPTG
PBAD (100%)* 61.5+3.9% 105.0+£28.8%
Pxyls/PM 98.0+£2.7% (100%)* 95.4+9%
PlacUV5 97.4+3.3% 91.0+£0.24% (100%)*

*Cognate inducer alone.
Observed florescence intensity relative to cognate inducer alone.
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10.2.5 APPLYING THE TOOLBOX TO HYDROCARBON
PRODUCTION OPTIMIZATION

The synthetic biology toolbox was iteratively applied to optimize hydro-
carbon production in R. eutropha. Genes encoding acyl-ACP reductase
(aar) and aldehyde decarbonylase (adc) [21] were codon optimized for
R. eutropha and synthesized (GenScript). These two synthesized genes
were incorporated as an operon into the R. eutropha expression vectors
developed above. The first set of constructed vectors (pBADTHC, pKT-
THC, pCMTHC, and pCM271THC) was designed to determine the im-
pact of plasmid origin of replication on hydrocarbon product titer (Fig-
ure 2A). Independent of the origin of replication, expressing the aar-adc
hydrocarbon pathway in R. eutropha H16 resulted predominantly in the
production of pentadecane (from palmitic acid) and heptadecene (likely
from oleic acid [1]). The pPBADTHC plasmid (pBBR1 origin) achieved
the highest combined (pentadecane +heptadecene) titer, whereas the pC-
MTHC plasmid (pCM62 origin) produced the lowest. The pCM271THC
plasmid (mutant pCM271 origin) was able to achieve a combined hydro-
carbon titer comparable to that of pP BADTHC, albeit with a more balanced
pentadecane:heptadecene ratio. Removing the T7 stem-loop structure
from pBADTHC, yielding plasmid pBADHC, did not significantly af-
fect hydrocarbon titer, with the combined hydrocarbon for both reaching
approximately 1000 pug/L (Additional file 1: Figure S2). The next set of
constructed vectors (pXylsTHC and pYIUV5THC) was designed to de-
termine the impact of the promoter on hydrocarbon product titer (Figure
2B). Of the three promoters tested, PBAD achieved the highest levels of
hydrocarbon production, while Pxyls/PM and PlacUV5 only achieved
low hydrocarbon titers (Figure 2B). The final set of constructed vectors
(pBADTcalRBSHC and pPBADTnrdDRBSHC) was designed to determine
the impact of the RBS sequence on hydrocarbon product titer (Figure 2C).
The E. coli consensus RBS sequence (P BADTHC) (tandem placement 5’
of both aar and adc) achieved the highest combined hydrocarbon titer,
while the calculated (calRBSaar aar and calRBSadc_adc) and the R. eu-
tropha nrdD (tandem placement 5’ of both aar and adc) RBSs produced
about 70% and 30% as much, respectively. The calculated RBSs achieved
the most balanced pentadecane:heptadecene ratio. Since changing the
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pBBR1 origin/E. coli consensus RBS sequence combination (pBADTHC)
to either mutant pCM271 origin/E. coli consensus RBS sequence (pC-
M271THC) or pBBR1 origin/calculated RBS sequence (pBADTcalRB-
SHC) combinations did not dramatically reduce combined hydrocarbon
titers, but produced a more balanced pentadecane:heptadecene ratio, we
constructed plasmid pCM271TcalRBSHC to evaluate the hydrocarbon
titer of the mutant pCM271 origin/calculated RBS sequence combina-
tion. Surprisingly, pCM271TcalRBSHC achieved a 6-fold improvement
in combined hydrocarbon titer (~6 mg/L, Figure 3) relative to pPBADTHC,
the highest titer construct using previously established R. eutropha expres-
sion system components [7]. Furthermore, pPCM271TcalRBSHC achieved
a 100-fold improvement over the lowest production plasmids, pPCMTHC
and pYIUVSTHC (Figure 4).

10.2.6 RELATIONSHIP BETWEEN RFP EXPRESSION LEVEL AND
HYDROCARBON PRODUCTION TITER

To visually assess the relationship between toolbox component effects
on RFP expression level and hydrocarbon production titer, the pPBADT
expression cassette (consisting of a pBBR1origin, PBAD promoter, T7
stemloop sequence, and E. coli consensus RBS) was used as a normaliza-
tion point of reference. The reference plasmids pBADTrfp and pBADTHC
were normalized to 100% relative RFP intensity and hydrocarbon pro-
duction titer, respectively. The relative percentages for RFP intensity and
hydrocarbon production titer for other expression cassette plasmid pairs
are presented in Figure 4. Relative RFP fluorescence intensity appears to
only slightly positively correlate linearly with relative hydrocarbon titer.

10.3 DISCUSSION

Our reporter construct results revealed a dynamic range of rfp expression
levels for the genetic parts in the toolbox (Figure 1) and rapidly identi-
fied those parts that are non-functional in R. eutropha H16 A2303 (Addi-
tional file 1: Figure S1). We then investigated the impact of the toolbox on
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hydrocarbon production titer in R. eutropha, and compared the resulting
titers with corresponding rfp levels across the various expression configu-
rations. In our system, RFP fluorescence intensity weakly correlated with
hydrocarbon titer (Figure 4), suggesting that RFP fluorescence intensity is
only a modest predictor of hydrocarbon titer, and should not generally be
assumed to be a surrogate for pathway genes. This is perhaps not surpris-
ing, given that: 1) even RFP and GFP expression may only weakly corre-
late with each other over identical expression configurations [22], and thus
RFP expression may not be a reliable reporter of hydrocarbon production
pathway expression; and 2) product titer may not linearly or monotoni-
cally relate to pathway expression (i.e., more pathway expression does not
necessarily translate to higher product titers [23]). While future work will
be required to explain the mechanism behind the unexpected 6-fold im-
provement in combined hydrocarbon titer for pCM271TcalRBSHC over
pBADTHC (Figures 3 and 4), we suspect that subtle differences in path-
way expression may have serendipitously resulted in substantial titer in-
creases. As such, what is more important than simply maximizing expres-
sion of pathway components is the capability to fine tune expression with
sufficient granularity to resolve pathway bottlenecks and alleviate toxicity
effects. The work reported here specifically contributes to this important
capability.

We were surprised to observe that including the pCM271 vector and/
or the calculated RBS parts in the hydrocarbon pathway expression con-
struct resulted in balanced levels of pentadecane:heptadecane production
in contrast with all other configurations for which the ratio was skewed
predominantly to pentadecane (Figures 2 and 3). While the underlying
mechanism for the relationship between pentadecane:heptadecane skew
on expression configuration remains to be elucidated, it is interesting that
using various components of the toolbox developed here affected not only
overall product titers, but also product ratios.

Although we did not leverage this capability here, it is worth noting
that since plasmid pBADrfp (BBR1 origin, kanamycin resistance) co-
propagated stably with pKTrfp (KT origin, chloramphenicol resistance) or
pCMrfp (CM62 origin, tetracycline resistance) in R. eutropha, it would be
possible to engineer a multi-gene metabolic pathway across two plasmid
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vectors in the same cell (for example, see [24]). Furthermore, promoter
cross-induction test results (Table 2) suggest that separate inducible pro-
moters could be used to independently tune the expression of different
portions of the pathway. These capabilities will play important future roles
in engineering and optimizing more complex metabolic pathways in R.
eutropha.

Metabolic engineering efforts often focus on a small set of microbial
hosts, such as E. coli and Saccharomyces cerevisiae, simply because there
are many established genetic and heterologous gene expression tools
available for them. This select group of model microbes, however, may
have limited utility for many industrial applications of interest. On the
other hand, microbial hosts with metabolic capabilities and growth con-
ditions well suited for specific industrial applications (like R. eutropha,
which can function as a chemolithoautotroph), but with limited genetic
tools, are extremely challenging and time-consuming to metabolically en-
gineer, and developing new genetic tools for specific microbes of interest
can be entire research efforts in and of themselves [25]. Here, we have
developed and deployed the toolbox for the metabolic engineering of R.
eutropha. From the outset, we designed our efforts with broad-host range
applicability in mind so that we could readily apply the same tools to other
microbial hosts of interest. For example, the RSF1010 origin-derived pKT
plasmids developed here are able to replicate in a wide range of Gram-
negative bacteria (e.g., Enterococci) as well as the phylogenetically distant
cyanobacteria, which are also important hosts of interest for biofuels pro-
duction [10]. Plasmids within the IncP incompatibility group (including
pCM62) and the Pxyls/PM promoter system have been demonstrated to
function in Pseudomonas putida[26,27]. All vectors reported here contain
mob genes to bolster efficacy across a wide range of bacteria. We envision
that the broad-host range toolbox developed here will serve as a turnkey
foundation for developing a robust set of metabolic engineering tools for
other microbes of interest by simplifying and streamlining the process of
screening for functional expression systems that operate within the mi-
crobe of interest. Building upon this vision, the toolbox could be exploited
to screen metabolic pathway performance across multiple microbial hosts,
through the direct transfer of constructs (e.g., pCM271TcalRBSHC) to
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microbes with overlapping functional expression systems. This approach,
especially when coupled with no or low leakage inducible promoters (e.g.,
PBADT?7, Figure 1B), may be particularly effective for identifying micro-
bial hosts that are tolerant to target or pathway intermediate compounds
that are toxic to model microbes such as E. coli.

10.4 CONCLUSIONS

In this work, we have developed a toolbox for the metabolic engineering
of R. eutropha H16, comprising six vectors spanning three compatibility
groups, four promoter systems responding to three chemical inducers, a
T7 5> mRNA stem-loop structure, and three RBSs. The major contribution
of this work is that through increasing genetic regulatory part diversity,
we have extended the dynamic range and tunable granularity of gene ex-
pression available for R. eutropha. We have demonstrated the value of the
developed toolbox by increasing combined pentadecane and heptadecene
hydrocarbon production titer 6-fold over that achievable with previously
available gene expression tools and 100-fold over that achieved by our
lowest producing engineered strains. Due to the broad-host range of the
selected vectors and mobilized plasmid construction, this toolbox has a
great potential to be applied to other microbial hosts for metabolic engi-
neering purposes.

10.5 MATERIALS AND METHODS

10.5.1 BACTERIAL CULTIVATION

R. eutropha H16 (ATCC 17669), R. eutropha H16 A2303 [11], E. coli
DHI10B (NEB) and S17 [12] were grown at 30°C in lysogeny broth (LB).
Kanamycin (50 mg/L for E. coli; 200 mg/L for R. eutropha), ampicillin
(50 mg/L), chloramphenicol (30 mg/L), tetracycline (10 mg/L) and/or
gentamycin (10 mg/L) were added to the medium as appropriate.
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10.5.2 PLASMID CONSTRUCTION

With the exceptions of pBADTrfp, pBADTcalRBSrfp, pBADT7Trip,
pBADTnrdDRBSrfp, pXylsTrfp, pKTrfp, pCMrfp, pCM271rfp, pC-
M273rfp, and pCM291rfp (see Additional file 1), plasmids were assem-
bled with the CPEC or Gibson methods [28,29], and corresponding DNA
assembly protocols and DNA oligo primers were designed with j5 and
DeviceEditor [30,31]. DNA templates were PCR-amplified with Phusion
high-fidelity polymerase (Thermo Scientific). PCR products were gel pu-
rified before CPEC or Gibson assembly. The assembled plasmids were
either transformed into E. coli DH10B, screened by colony PCR [32],
sequence validated (Quintara Biosciences), and then transformed into E.
coli S17 or directly transformed into R. eutropha H16 A2303, screened
by colony PCR, and then sequence validated. Plasmids were then trans-
conjugated from E. coli S17 into R. eutropha H16 A2303 as previously
described [12].

10.5.3 STRAIN AND PLASMID AVAILABILITY

The strains and plasmids used in this study are listed in Table 1. All strains
and plasmids developed here, along with their associated information (e.g.,
annotated GenBank-format sequence files, sequence validation trace files,
DeviceEditor design files, and j5 design output files), have been deposited
in the public instance of the JBEI Registry [33] (https://public-registry.
jbei.org webcite; entries JPUB_001171-JPUB_001230) and are physically
available from the authors and/or addgene (http://www.addgene.org web-
cite) upon request.

10.5.4 RFP FLUORESCENCE ASSAY

To measure the fluorescence intensity of RFP (monomeric mRFP1, matu-
ration<1 hour ) [34] expressed from each type of plasmid vector, single
colonies were picked and inoculated into LB seed-culture tubes supple-
mented with kanamycin, chloramphenicol, gentamycin, or tetracycline, as
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appropriate. 100 pL of each overnight seed culture was inoculated into a
fresh 5 mL LB culture tube supplemented with the appropriate antibiotic
and inducer (IPTG, L-arabinose, m-toluic acid, or tetracycline) and grown
at 30°C, 200 rpm for 48 hours. 100 pL of each cell culture tube was then
added to a separate well in a 96-well clear-bottom plate (Corning: No.
3631) and RFP fluorescence was measured with a Safire (Tecan) micro-
plate reader using an excitation wavelength of 585 nm and an emission
wavelength of 620 nm. OD600 was also measured for each well immedi-
ately thereafter to calculate the RFP fluorescence intensity/OD600 ratio
reported for this assay.

10.5.5 PLASMID COPY NUMBER ASSAY

Single colonies (serving as templates) were picked, suspended in water,
and then boiled for 10 minutes. Primers (pcmF and pcmR, phaZF and
phaZR; Additional file 1) to amplify 400 to 500 bp fragments of rfp and
phaZ respectively, were designed with Clone Manager 8.0. qPCR reac-
tions were performed with a StepOnePlus Real-Time PCR System (Life
Technologies) with Maxima SYBR Green/Fluorescein PCR Master Mix
(Thermo Scientific) as recommended by the manufacturers. Three biologi-
cal replicates, with two technical replicates each, were performed for each
plasmid type. Absolute plasmid copy numbers were determined using the
CT difference between the plasmid-borne rfp gene and the single copy
chromosomal phaZ gene.

10.5.6 INDUCER DOSE RESPONSE ASSAY

For each plasmid type, 10 puL of overnight LB cell culture was inoculated
into each of 4 separate 24-well clear-bottom plate wells containing 1 mL
fresh LB supplemented with a varying concentration of the appropriate
inducer. These culture plates were then grown in a Pro200 (Tecan) mi-
croplate reader at 30°C, 37 rpm, for 72 hours. OD600 and RFP fluores-
cence intensity, using an excitation wavelength of 585 nm and an emission
wavelength of 620 nm, were measured after 48 hours.



Development of a Broad-Host Synthetic Biology Toolbox for Ralstonia eutropha 223

10.5.7 HYDROCARBON PRODUCTION ASSAY

Single colonies were picked and inoculated into 10 mL fresh LB glass
culture tubes and grown at 30°C for 15 hours. The appropriate inducer
was then added to each culture tube (final concentration: 1 mM IPTG,
0.1% L-arabinose, or 1 mMm-toluic acid). 1 mL decane (Sigma, 99%
purity) was then immediately added to each 10 mL culture tube to extract
hydrocarbons and other metabolites. 72 hours after induction, 100 puL of
each decane overlay was removed for direct gas chromatography—mass
spectrometry (GC/MS) analysis. Electron ionization (EI) GC/MS analyses
were performed with a model 7890A GC quadrupole mass spectrometer
(Agilent) with a DB-5 fused silica capillary column (J & W Scientific,
30-m length, 0.25-mm inner diameter, 0.25-um film thickness) coupled
to a HP 5975C mass selective detector. 1 pL injections were performed
by an Agilent model 7683B autosampler. The GC oven was typically pro-
grammed to ramp from 40°C (held for 3 minutes) to 300°C at 15°C/min
and then held for 5 minutes. The injection port temperature was 250°C, and
the transfer line temperature was 280°C. The carrier gas, ultra-high purity
helium, flowed at a constant rate of 1 mL/min. Injections were splitless,
with the split turned on after 0.5 minutes. For full-scan data acquisition,
the MS typically scanned from 50 to 600 atomic mass units at a rate of
2.7 scans per second. One of the major products, pentadecane (15:0), was
quantified with m/z 57 area, while the other major product, heptadecene
(17:1), was quantified with m/z 83 area of authentic standards (Sigma,
99% purity).
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CHAPTER 11

Heterogeneous Photocatalytic
Nanomaterials: Prospects and
Challenges in Selective Transformations
of Biomass-Derived Compounds

JUAN CARLOS COLMENARES AnD RAFAEL LUQUE

11.1 BACKGROUND

Developing artificial systems that can mimic natural photosynthesis to
directly harvest and convert solar energy into usable or storable energy
resources has been the dream of scientists for many years. The use of solar
energy to drive organic syntheses is indeed not a novel concept. The idea
was originally proposed by Ciamician as early as 1912. [1] However, the
common use of the generally accepted term photocatalysis and significant
developments in this field properly started in the 1970s after the discovery
of water photolysis on a TiO, electrode by Fujishima and Honda. [2]

Heterogeneous photocatalytic nanomaterials: prospects and challenges in selective transformations
of biomass-derived compounds. ©The Royal Society of Chemistry 2014. Chemical Society Reviews,
2014, 43, 765 (DOI: 10.1039/c3¢cs60262a). Creative Commons Attribution 3.0 Unported Licence
(http://creativecommons.org/licenses/by/3.0/).
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The energy crisis provided a strong impulse to research alternative en-
ergy sources, hoping that mankind could mimic nature by exploiting solar
energy for the generation of fuels (e.g. hydrogen via water splitting). [2,3]
Additionally, the pollution concerns and the increasing demand for more
sustainable sources of chemicals also prompted the search for alternative
solutions potentially able to clean up water and air avoiding the addition of
further chemicals and to explore new “green” routes for chemicals produc-
tion. A third later application in chemical synthesis was strongly related to
the fact that the same photocatalysts were applied. [4] Very important is
the fact that all highlighted three applications can be grouped into green
and sustainable processes.

Photocatalysis, in which solar photons are used to drive redox reactions
to produce chemicals (e.g. fuels), is the central process to achieve this aim.
Despite significant efforts to date, a practically viable photocatalyst with
sufficient efficiency, stability and low cost is yet to be demonstrated. It
is often difficult to simultaneously achieve these different performance
metrics with a single material component. The ideal heterogeneous pho-
tocatalysts with multiple integrated functional components could combine
individual advantages to overcome the drawbacks of single component
photocatalysts. For further information, readers are kindly referred to re-
cent overviews on the development of advanced photocatalysts. [4,5]

As a fundamental and applied field of science, heterogeneous photo-
chemistry continues to be an important component of modern chemistry
in the 21st century. Research in this field has significantly evolved during
the last three decades (especially titanium oxide chemistry) with enhanced
knowledge on mechanisms, development of new technologies for storage
and conversion of solar energy, environmental detoxification of liquid and
gaseous ecosystems, and the photochemical production of new materials.
More recently, a new research avenue related to selective transformations
of biomass and residues to high added value products has emerged as a po-
tentially useful alternative to conventional heterogeneously catalyzed pro-
cesses. This contribution is aimed to provide an overview of recent work
conducted along the lines of selective photochemical transformations,
particularly focused on photocatalysis for lignocellulose-based biomass
valorization. Future prospects and work in progress in this field will also
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be emphasized. The effective utilization of clean, safe, and abundant solar
energy is envisaged to provide energy, chemicals as well as solving envi-
ronmental issues in the future and an appropriate semiconductor-photoin-
duced biomass/waste conversion can be the key for such transformations.

11.2 FUNDAMENTAL PRINCIPLES OF
SEMICONDUCTOR PHOTOCATALYSIS

The fundamental principles of heterogeneous photocatalysis have been
extensively reported in previous reports. [5] A photocatalytic transforma-
tion is initiated when a photoexcited electron is promoted from the filled
valence band (VB) of a semiconductor photocatalyst (e.g., TiO,) to the
empty conduction band (CB) as the absorbed photon energy, hv, equals
or exceeds the band gap of the semiconductor photocatalyst. As a conse-
quence, an electron and hole pair (e —h*) are formed (eqns (1)—(4)).

Photon activation: TiO2 + hv — ¢+ h* (D
Oxygen adsorption: (O,)ads + e~ — O, 2)
Water ionization: H O — OH™ + H* 3)
Superoxide protonation: O, — + H" — HOO" 4)

HOO' radicals (eqn (4)) also have scavenging properties similar to oxy-
gen, thus prolonging the photohole lifetime (eqns (5) and (6)).

HOO" +e" — HO, (5)
HOO™ + H" — H,0, (6)
Redox processes can take place at the surface of the photoexcited photo-

catalyst. Very fast recombination between electron and hole occurs unless
oxygen (or any other electron acceptor) is available to scavenge the elec-
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Photo-reduction

conduction band 0,
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charges
recombination

valence band

Photo-oxidation

FIGURE 4: Photo-activation of a semiconductor and primary reactions occurring on its
surface.

trons to form superoxides (O, ) (Fig. 1), hydroperoxyl radicals (HO,") and
subsequently H,O,.

In contrast to conventional catalysis thermodynamics, not only sponta-
neous reactions (AG < 0) but also non-spontaneous reactions (AG > 0) can
be promoted by photocatalysis. The input energy is used to overcome the
activation barrier in spontaneous reactions so as to facilitate photocataly-
sis at an increased rate or under milder conditions. In comparison, for non-
spontaneous processes, part of the input energy is converted into chemical
energy that is accumulated in the reaction products.

The generated holes have high potential to directly oxidize organic
species (the mechanism is not definitively proven) or indirectly via the
combination with ‘OH abundant in water solution (eqns (7)—(9)). [5a,b,6]

HO+h"—OH +H"  (7)
R-H+OH -»R +HO (8

R"+ h" — R*" — Mineralization products 9
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The corresponding mineral acid of the non-metal substituent is formed as
a by-product (e.g. in organic waste maybe a different heteroatom including
CL N, S) (eqn (10)).

Organic waste => photocatalyst/O,/ hv > Eg => Intermediate(s)
=>CO, + H,0 + Mineral acid (10)

11.2.1 REACTIVE OXYGEN SPECIES (ROS) FORMED DURING
A PHOTOCATALYTIC PROCESS

Several highly reactive ROS can oxidize a large variety of organic pollut-
ants in heterogeneous photocatalysis. These include

‘OH (redox potential +2.81 V vs. standard hydrogen electrode,
SHE). "OH radicals act as a main component during photo-degradation
reactions, particularly for substances that have weak affinity to the TiO,
surface. [5a,b] "OH can be produced from the oxidation of surface hy-
droxyls or adsorbed water. However, recent studies have pointed out that
the role of "OH radicals is probably underestimated. For many organic
compounds, the primary one-electron oxidation should be initiated by free
or trapped holes.

02"~ (redox potential +0.89 V vs. SHE)/HO,". Superoxide anions
(027), easily protonated to yield HO," in acidic solution (pK = 4.8),
are readily generated from molecular oxygen by capturing photoinduced
electrons. 02~ species are generally less important in initiating oxidation
reactions but mainly participate in the total mineralization of organic com-
pounds via reaction with organoperoxy radicals and production of H,O,
(redox potential +1.78 V vs. SHE) by O, disproportionation.

0,". O, species are generated in reactions between the photoformed
hole center on the lattice oxygen (OL") and molecular oxygen.

'0, singlet molecular oxygen. 'O, is usually formed via energy trans-
fer from the triplet state of a dye to molecular oxygen. It has been sug-
gested that oxidation of O, by holes (redox potential +2.53 V vs. SHE) at
the TiO, surface should be a plausible mechanism to produce 'O,.

Apart from the important role of ROS in photocatalytic degradation
processes, the control and generation of ROS is essential in heterogeneous
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photocatalysis to be potentially able to design and predict pathways in
selective organic photocatalytic oxidations.

11.3 CHEMICALS FROM LIGNOCELLULOSIC BIOMASS

Lignocellulose is a highly complex and rather recalcitrant feedstock com-
prising three major polymeric units: lignin, cellulose and hemicellulose.
Cellulose (a high molecular weight polymer of glucose, ca. 45 wt%) forms
bundles that are additionally attached together by hemicellulose (ca. 20
wt%). Cellulose and hemicellulose are surrounded by lignin (less than 25
wt%) which provides extra rigidity and recalcitrance to the entire material.
Lignocellulosic feedstocks (i.e., forestry waste, agricultural residues, mu-
nicipal paper waste and certain food waste residues) can be converted into
a variety of useful products in multi-step processes. [7,8] However, due
to the large complexity of such feedstocks, lignocellulosics have to be
broken down by several processes and technologies into simpler fractions
which can be converted into desired products. These include major routes
such as gasification, pyrolysis and pre-treatment hydrolysis/fragmentation
steps. Upon deconstruction, the obtained solid, liquid or gaseous fractions
need to be upgraded via various processes which yield a plethora of chem-
icals. [7,8]

From a sustainability viewpoint, the development of low-temperature,
highly selective (photo)catalytic routes for the direct transformation of lig-
nocellulosics into valuable chemicals or platform molecules (e.g. glucose,
carboxylic acids) is of great significance. [7] These compounds can then
be subsequently converted into useful products. However, the selective
conversion of lignocellulosics under mild conditions still remains a sig-
nificant challenge owing to the high recalcitrant structure of cellulose and
lignin fractions. For further information on topics related to cellulose and
lignin depolymerization, readers are kindly referred to recent literature
overviews. [9-11] Subsequent sections have been aimed to illustrate the
potential of photocatalytic processes for the conversion of selected ligno-
cellulosic feedstocks into chemicals and fuels.
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11.4 PHOTOCATALYTIC REFORMING OF LIGNOCELLULOSE-
BASED ORGANIC WASTE: HYDROGEN PRODUCTION

Biomass sources have been utilized for sustainable hydrogen production.
[12] A number of processes have been developed for this purpose which
include fast pyrolysis, supercritical conversion and steam gasification and
many others which however require harsh reaction conditions (e.g., high
temperatures and/or pressures) and consequently imply high costs. [12]
Photocatalytic reforming may be a promising alternative as mild reaction
conditions driven by solar light (i.e., room temperature and atmospheric
pressure) can be comparatively advantageous to such energy-consuming
thermochemical processes.

Hydrogen production by photocatalytic reforming of lignocellulosic
biomass may also be more feasible and practical as compared to photo-
catalytic water-splitting due to its potentially higher efficiency. [13] The
thermodynamics of photochemical water splitting were reported to store a
maximum of only 12% of the incident light energy. [13]

Lignocellulosic biomass-derived compounds can also serve as sacri-
ficial agents (electron donors) to reduce the photocatalyst recombination
e —h* rate. A large variety of organic compounds (most of them model
compounds of lignocellulose structure, e.g. alcohols, polyols, sugars, as
well as organic acids) have been used as electron donors for photocatalytic
hydrogen production. For further information, readers are kindly referred
to recent accounts of the most pioneering studies by leading authors on
biomass (photo)catalytic reforming for chemical (hydrogen included) pro-
duction. [14]

11.5 HETEROGENEOUS PHOTOCATALYSIS FOR SELECTIVE
CHEMICAL TRANSFORMATIONS

The utilization of heterogeneous photocatalysis for environmental purifica-
tion (both in the liquid and gas phase) has been extensively investigated
as photoactivated semiconductors have proven activities to unselectively
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mineralize various types of toxic, refractory and non-biodegradable organic
pollutants under mild conditions. [15] Closely related to selective synthesis,
structured photocatalytic systems have also been employed for the oxofunc-
tionalization of hydrocarbons via selective oxidations (Fig. 2). [16]

Reported organic photosynthetic reactions include oxidations, reduc-
tions, isomerizations, substitutions, polymerizations and condensations.
These reactions can be carried out in inert solvents and/or their combina-
tions with water. For more details on photocatalytic synthetic transforma-
tions based on different photo-active solid materials, readers are kindly
referred to leading reviews in the field. [17]

The following fundamental requirements should be met by any pho-
tocatalytic system harvesting and converting solar energy into chemical
energy:

(a) the photoresponse of the system should optimally match the solar

spectrum;

(b) photoexcited charges must be efficiently separated to prevent re-

combination;

(c) charges should have sufficient energy to carry out the desired chem-

ical reactions (e.g. selective oxidations);

(d) the photocatalyst must be photo-stable, chemically and biologically

inert and of low cost.
For photon transfer optimization, decisive operational parameters include
light intensity, nature and concentration of the substrate, nature and con-
centration of the photocatalyst, pH of the solution, reaction temperature,
type of the reactor, presence of oxygen and the content of ions. [18]

11.5.1 PHOTOCATALYTIC SELECTIVE
OXIDATIONS OF CELLULOSE-BASED CHEMICALS

Catalytic oxidations have traditionally been carried out in environmentally
harmful chlorinated organic solvents at high temperatures and pressures
by employing stoichiometric amounts of various inorganic oxidants as
oxygen donors (e.g. chromate and permanganate species). Such oxidants
are expensive and toxic and they also produce large amounts of hazardous
waste, therefore needing to be replaced by safer systems.
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Non-selective processes (Advanced Oxidation Processes, *OH radicals - mineralization

anic contaminants Intermediates CO, + H,O + Mineral Acids
T Hy

widely applied in wastewaters and urban air treatment technology!

.
o
.

Selective processes (Pathways for the synthesis of important chemieals, e.g.
solar biochemicals, drugs intermediates, etc.)

Organic contaminants - Intermediates - Chemicals

 Anatase TiO,

X

O

0"
OH
OH

FIGURE 2: Production of different target compounds by semiconductor photo-induced
catalytic routes.

Comparably, a photocatalytic process can bring about significant bene-
fits in terms of milder and more environmentally sound reaction conditions
and better selectivity for the desired product. Substances unstable at high
temperatures may be synthesized via selective light-assisted processes.

Alcohol oxidation to their corresponding ketones, aldehydes, and/or
carboxylic acids is one of the most important transformations in organic
synthesis.19 Semiconductor photocatalysts have not been frequently em-
ployed in selective synthetic oxidation processes as the replacement of tra-
ditional oxidation methods has been mostly covered with heterogeneously
catalyzed systems.

According to thermodynamics, an alcohol molecule with singlet
electronic configuration cannot directly react with an unactivated di-
oxygen molecule, which has a triplet electronic configuration. [20] The
working mechanism in metal oxidation catalysts involves an electron
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transfer-mediated step by the metal which thereby induces the formation
of singlet oxygen species. [20] In this context, the search for an oxidation
photocatalyst capable of directly activating dioxygen under solar light is
an interesting as well as challenging task.

Catalytic selective photo-oxidation of biomass can provide a wide
range of high added-value chemicals including some of the so-called
sugar-derived platform molecules (e.g., succinic, 2,5-furandicarboxylic,
3-hydroxypropionic, gluconic, glucaric and levulinic acids as well as
3-hydroxybutyrolactone). [21] Table 1 summarizes recent selected studies
on photocatalytic selective oxidation of lignocellulose-based model com-
pounds to valuable chemicals.

Photo-assisted catalytic dehydrogenation reactions that take place at
room temperature and ambient pressure offer an interesting route for alde-
hyde synthesis. C —C, alcohols are easily converted in the liquid and gas
phase and in the presence of oxygen into their corresponding aldehydes
or ketones, which may be further transformed by non-catalytic processes
into acids. [22,23]

A range of different titania-based systems synthesized through sol—gel
processes by varying the precursor and/or the ageing conditions (mag-
netic stirring, ultrasound, microwave or reflux) were recently reported for
the liquid-phase selective photo-oxidation of crotyl alcohol to crotonal-
dehyde. The gas-phase selective photooxidation of 2-propanol to acetone
was also chosen as a model reaction (Table 1, entry 3). [23] Both reactions
showed relatively similar results in terms of influence of precursor and
metal, despite having very different reactant/catalyst ratios and contact
times. Titanium isopropoxide provided better results as compared to those
achieved with titanium tetrachloride. The presence of iron, palladium or
zinc in the systems was found to be detrimental for the activity. Zirconium
and particularly gold improved the results as compared to pure titania (Ta-
ble 1, entry 3).

A higher reactivity has been generally reported for primary alcohols
[22] (Table 1, entry 2), which opens up a promising selective synthesis
method for the production of hydroxycarboxylic acids. The selective de-
hydrogenation of various secondary alcohols was also possible. If the al-
cohol is unsaturated, isomerization may occur, yielding the corresponding
saturated aldehyde.
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The photocatalytic oxidation of alcohols is highly dependent on the
type of alcohol. Generally, the conversion per pass of primary alcohols
is low (with a slightly higher value for secondary alcohols), but high se-
lectivities are generally achieved (>95%). The initial step of the proposed
mechanism is the interaction of a surface hole with the hydroxyl group
of the alcohol, forming metal-oxo species with proton removal. This pro-
ton removal step becomes easier with increasing carbon chain length and
branching. The higher the number of adjacent hydrogen atoms present,
the simpler the removal and thus improved conversions can be achieved.

Aliphatic carboxylic acids can be transformed to shorter chain acids
(e.g. malic to formic acid) [24] or decarboxylated to the corresponding re-
duced hydrocarbons or hydrocarbon dimers in the absence of oxygen and
in pure aqueous or mixed aqueous/organic solutions by means of photo-
Kolbe-type processes (Table 1, entry 5). [25] As an example, the selective
aqueous conversion of malic acid into formic acid has been conducted
under visible light irradiation using a magnetically separable TiO,-guani-
dine-(Ni,Co)-Fe,O, nanocomposite (Table 1, entry 4). The photocatalyst
featured a simple magnetic separation and offered the possibility to work
under visible light and sunlight irradiation due to titania modification with
guanidine, which remarkably decreased the band gap of the metal oxide
semiconductor. [24] Comparably, acetic, propionic, butanoic and n-pen-
tanoic acids could be decarboxylated to hydrocarbons in the absence of
oxygen. For the case of acetic acid (a common product of biological pro-
cesses), the aforementioned photo-Kolbe reaction could be combined with
biological waste treatments to generate combustible fuels.

The efficiency of heterogeneous nano-TiO, catalysts in the selective
photocatalytic oxidation of glucose into high-valued organic compounds
has also been recently reported (Fig. 3). [26] This reaction was found to
be highly selective (>70%) towards two organic carboxylic acids, namely
glucaric (GUA) and gluconic acids (GA). These carboxylic acids are im-
portant building blocks for pharmaceutical, food, perfume or fuel indus-
tries. [18] CO, and traces of light hydrocarbons were also detected in the
gas phase. Among all photocatalytic systems tested, the best product se-
lectivity was achieved with titania synthesized by an ultrasound-modified
sol-gel methodology (TiO,(US)). [26] Solvent composition and short illu-
mination times were proved to have a considerable effect on photocatalysts



The Future of Fuel

New Biotechnologies for Increased Energy Security

240

e

uoroeaI 19)Je 1sA1ejesojoyd ay) Jo uoner
-edos JUSIOIFH "UONOBAI JO SINOY 7 ULY) SSI[ UI POASIYOE
9q pP[NOd PIok JIULIOJ I0J 9, ()8 0} 9SO[O AJIAIOJ[OS

(wu 00 < ¢
‘duwre uoorey zuend M 0S1)
1431] 9]QISIA J9pUN pajeurUN]!
pue uornjos snoonbe proe
orew ur papuadsns sysA[ere)

'0%2d-(02IN)
-oupruens-‘OrL

pIow J1[E N

€C

(UOTSIOAT0D 9,87—7 7 18 9TueI 9(08—8/ o}
ur) 9u0jaok 03 sanjeA AJIA1O9[9s Y31y )b pamoys sprjos
Surureyuoownunerd ‘ouedoid-g Jo ased ayy uj Ajianoe
-ojoyd 03 [e1013oURq SI P[0T A[[e10adsa pue WNIUOdIIZ
“IOATTS JO 90udsald o) searoym ‘eruein}-areq Surpuodsax
-100 9T} UBY]) SUOISIOATOD JIOMO] JIQIYXd OUIZ PUB WNIPE|
-Ted ‘UoIT ‘pOIOPISUOD ST [BIOUI Y} JO SOUSN[FUI A} USYAN
“(A[oAnoadsal ‘ny:‘OLL pue 94:°OLL) SISA[BIRO SWANXd
0M] Y} 10} UTW Q€ =1 10} %S6 PUB %TE 10 Ul 0¢ =1
10J %8¢ PUE 9,8 UdOM]Aq SUOISIOAUOD ‘[070d]e [K}0I0 10

[ouedoid-z 10} D07
pUE [0Y[09]E [A}0IO YIIM SUOT)
-0BaI 10J D0 1 PoILISOULIdY)
sem SUI[00O I0F Pasn JJep\
"1SATeIRD 9]} JO POq POXI B [PIM
(jouedouid-g 103) oseyd ses ur
uonoeay ‘uorsuadsns ur jsA[ereo
PIOS & Y3m (JOYoo[e [K1010
103) aseyd prnbiy ur uonoeay

“(wu 69¢ = ") WS AN

saInpaooid[ag—|os
PAISISSE-0ABMOIITIT
pue -punosenn Aq
paxedoid sisAjere)
‘(ny BV ‘Uz ‘4
17 9 Pd = ON)
‘OIL- 9N “OLL

[oyoore
15010 [ouedoid-g

C

A1oAn09dsar

‘D1 07 3¢ sk wimuenb 101°0 PUE 01°0 “[01°0 M
suouedoid pue jouedoid ‘[ouero Jo uononpoid 9A1O9[OS

WS AN WU 99¢ Yrim
pajerpedr suoisuadsns jsA[ere)

(,8 qw £, pue 9°¢)
aseyd apun1 ‘o1

Joueng-g
‘jouedoid-g ‘jou
-edoid-| ‘joueypg

6C

($95Ba109p AJAIIOI[S
o nq armjeraduro) wool Je Jey) uey) JOYSIY SOuIT) I}
ST UOISIOATU09) DT (057 03 dn armyeroduwe) uonoear oy
JO 9SBAIOUT O} [JIM PISLIIIUT [OUBTIOUT JO UOTSIOATUOD
QL "UOTIBATIOBIP ISATEIED OU [)IM 9JeULIO] [AYIouT 0}
[oueyjow Jo uoneprxoojoyd (90w [g) 9A103[0s A[YSIH

1SATe1e0 9]} JO POq POXI B [HIM
Ire Jo 9ouasaxd oy ur aseyd
Se3 ur uonoeay "(;Wo AW

0081 Ausuaiut AN) WSH AN

8w
00€ JO BaIR 00BJINS
a31e] © Suraey

(10-LS) sajonred
‘o1 2dKr-oserRUy

[oueON

3d

(A11A1109]9s/K)1ATOR) J01ABYQQ ONA[BIBI0IOY

SUONJIPUOD UONOBY

SISOUUAS
1sA[ere0030y

o[nodjow paseq
-sSeuwolq [9poJN

Anug

'SQ[Nod[OwW
o1UESI0 POALIOP-SSBWOIq -OISO[N][900uT1| Wolj s[esrwayd anjea Y3y jo uononpoid onAferesojoyd 0Anod[as jo sojdwes peyosfes *L 319VL




241

Heterogeneous Photocatalytic Nanomaterials

TABLE 1. CONTINUED.

5 Acetic, propionic,
n-butanoic and
npentanoic acids

Pt/TiO, (rutile). Pt
was deposited by
illuminating each
powdered semicon-
ductor suspended
in water—ethanol
solution

30 mL of water—organic acid
(6 : 1 v/v) mixture and catalyst
in suspension irradiated with a

500 W Xe lamp, pH <2.0

In the absence of oxygen, aliphatic carboxylic acids
(especially C,~C, acids) are decarboxylated to the
corresponding reduced hydrocarbons: acetic (156 mi-
cromol RH/10 h), propionic (1470 micromol RH/10 h),
n-butanoic (996 micromol RH/10 h), n-pentanoic (1018
micromol RH/10h) acids

25

6 Glucose

Bare-TiO, and
supported titania on
zeolite Y. Catalysts

were synthesized
by a modified
ultrasound-assisted
sol-gel method

Catalysts suspended
in a glucose solution
(50%H20/50%CH,CN solvent
composition) and illuminated
with a 125 W mercury lamp
(A =365nm)

‘max

High photoselectivity for glucaric and gluconic acid
production (68.1% total selectivity, after 10 min. il-
lumination time) especially for TiO, supported on zeolite
Y. Apart from photocatalyst properties, it was found that
reaction conditions, especially solvent composition and
short illumination times, also have considerable effect on
the activity/ selectivity of tested photocatalysts

26
and
27

7 Glucose

Fe-TiO, and
Cr-TiO, sup-
ported on zeolite Y
(8i0,:AL0O, = 80)
and prepared by an
ultrasoundassisted
wet impregnation
method (ro-
tary evaporator
was coupled with
ultrasonic bath)

Catalysts suspended
in a glucose solution
(50%H,0/50%CH,CN solvent
composition) and illuminated
with a 125 W mercury lamp
(A =365nm)

‘max

Fe-TiO, zeolite-supported systems total selectivity for
GUA + GA is 94.2% after 20 min of illumination

Cr-TiO, zeolite-supported systems total selectivity for
GUA + GA is 99.7% after 10 min of illumination

28

8 Lignocellulose

Commercial TiO,

Solid state mixture of titania
and lignocellulose UV irradi-
ated (Amax = 360 nm)

Photocatalysis pretreatment used for an efficient biologi-
cal saccharification of lignocellulosic materials. Titania
did not disturb the biological reactions by cellulase and

yeast

36
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cuou CH,0H

CH,OH Acid catalyst Oxidation catalys OHOHO
ﬂ L " B oo
OH OH

. - Cellulose Ghucose Gluconic acid

FIGURE 3: Acid catalytic hydrolysis of cellulose followed by catalytic partial oxidation
of glucose to gluconic acid.

Ti(iPr0), + Support + PEG (-l 1. Sonication, 1h |
in 2-Propanol

PEG (average MW 400)

. Sonication, 1.5 h
in water/2-Propanol (25:47v/v) Z:Sonication; 3.
pH3.0

3. Sonication, 0.5 h

Drying, 110°C
Calcination, 500 °C

Titania-supported
photocatalysts

FIGURE 4: Schematic chart of TiO, supported on different materials (e.g., zeolite, silica)
prepared by an ultrasound-assisted sol-gel methodology. [27]

activity/selectivity. Total organic compound selectivity was found to be
39% and 71% for liquid phase reactions using 10%Water/90%Acetonitrile
and 50%Water/50%Acetonitrile, respectively. These values were obtained
using the optimum TiO,(US) photocatalyst.

Such results suggested that synthesized nano-TiO, material could in
principle be used in the decomposition of waste from the food industry
with the simultaneous production of high-value chemicals when residues
(here glucose) act as electron donors. [18]
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In an attempt to improve selectivities to glucaric (GUA) and gluconic
(GA) acids, different nano-titania systems supported on a zeolite type Y
(Si0,:A1,0, = 80) have been prepared. [27] These photocatalysts were
synthesized using the proposed ultrasound-assisted sol-gel protocol fully
detailed in Fig. 4.

Homogeneously distributed TiO, on zeolite Y provided an improved
selectivity for glucose oxidation towards glucaric acid (GUA) and glu-
conic acid (GA). Total selectivity was ca. 68% after 10 min illumination
time using a 1[thin space (1/6-em)]:[thin space (1/6-em)]1 H,O-acetoni-
trile solvent composition. Results were comparably superior to those of
unsupported TiO, and commercially available Evonik P-25 photocatalyst
(Table 1, entry 6). Importantly, the more acidic character of the zeolite
in comparison to silica-supported, bulk TiO,(US) and Evonik P-25 may
relate to the higher selectivity to carboxylic acids. Moreover, Y type ze-
olites are negatively charged materials which adsorb cationic substrates
and repulse anionic analogues by electrostatic attraction. This behavior
can facilitate the selective photocatalytic oxidation of glucose, as carbox-
ylic acids formed under the reaction conditions (pH lowered from 6-7,

1. Solvent evaporation =
Rotary Evaporator + A
Sonication

D Metal-TiO,/Zeolite

V] 2. Drying’ TT0°C

Ultrasonic bath 3. Calcination/ 500 °C/

Adr (30 mL/min

m) Metal-TiO,/Si0,

FIGURE 5: General procedure to synthesize metal-containing TiO, supported on different
materials (e.g., zeolite, silica) by a sonication-assisted impregnation method (titanium
tetraisopropoxide, TTIP; polyethylene glycol 400 molecular weight, PEG). [28]
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depending on glucose solvent composition, to about 45 after 4 h of pho-
tocatalytic reaction) are repulsed, preventing at the same time their com-
plete photo-oxidation/mineralization.

Further photocatalyst optimization via development of transition-metal
containing supported nanotitania materials (Fig. 5) [28] provided advanced
systems incorporating Fe or Cr able to achieve improved selectivities to
carboxylic acids. No metal leaching (Fe, Cr, Ti) was detected after photo-
reaction, with Fe-TiO, systems being most selective (94% after 20 min of
illumination under similar conditions previously reported, Table 1, entry 7).

The gas-phase selective photo-oxidation of methanol to methyl for-
mate is another interesting process. [29] The reaction was carried out in a
flow-type reactor to avoid deep oxidation of methanol in the presence of
TiO, particles and under UV light irradiation. A high selectivity to methyl
formate was observed (91%) with no catalyst deactivation observed under
the investigated conditions (Table 1, entry 1).

The oxidation mechanism, efficiency and selectivity of the photo-
catalytic oxidation of alcohols using TiO, Evonik P25 were reported to
strongly depend on the nature of the dispersing medium. Shiraishi et al.
[16] and Morishita et al. [30] demonstrated the positive influence of ace-
tonitrile on epoxide formation in the selective photo-oxidation of alkenes.
The addition of small amounts of water to CH,CN strongly inhibited al-
cohol adsorption and its subsequent oxidation as evidenced by ESR-spin
trapping investigations. [31] The reactivity of alcohols on the surface of
photoexcited TiO, was also found to be affected by the nature of their
hydrophobic aliphatic chain. [31] Molecules including geraniol and citro-
nellol were observed to be more susceptible to water content as compared
to shorter chain analogues such as trans-2-penten-1-ol and 1-pentanol. Op-
timum reaction conditions were achieved in the photocatalytic oxidation
of geraniol, citronellol, trans-2-penten-1-ol, and 1-pentanol to the corre-
sponding aldehydes with good selectivity (>70%).

Along these lines, a partial photooxidation of diols including 1,3-bu-
tanediol, 1,4-pentanediol and vicinal-diols (e.g. 1,2 propanediol) could
also be effectively conducted using TiO, in dichloromethane. [32] CO,
was not observed as a reaction product but the observed main reaction
products included two hydroxy-carbonyl compounds for each 1,n-diol.
1,2-propanediol mainly gave rise to hydroxyacetone (90% selectivity),
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with only traces of pyruvic acid. Comparatively, 1,3-butanediol was con-
verted into 3-hydroxybutyraldehyde and 4-hydroxy-2-butanone while
1,4-pentanediol gave 4-hydroxypentanal (75% selectivity) and certain
quantities of 3-acetyl 1-propanol.

Similarly, glycerol is a relevant polyol currently produced in large
quantities as a by-product of the biodiesel industry. The mechanism of the
selective photocatalytic oxidation of glycerol was also recently reported in
the presence of TiO, Evonik P25 and Merck TiO, (Fig. 6). [33] The prod-
uct distribution observed at low glycerol concentration (glyceraldehyde
and dihydroxyacetone) changes after a sharp maximum giving formalde-
hyde and glycolaldehyde as main products for P25 Evonik (mechanism
derived from a direct electron transfer). Interestingly, mainly glyceralde-
hyde and dihydroxyacetone were observed on Merck TiO, ('OH-based
mechanism), a material characterized by a lower density and more uniform
population of hydroxyl groups at surface sites. These findings suggested
that photocatalyst structures can significantly influence product distribu-
tion in photo-assisted processes. This example is particularly relevant to
engineering of valuable products from a biofuel-derived by-product.

A comprehensive investigation on advanced mechanistic aspects of
polyol photooxidation on photoactivated metal oxides was subsequently
reported aiming to better understand the interaction of sugars with the
surface of some semiconductor materials. [34] The authors demonstrated
that carbohydrates are oxidized at sites involved in the formation of oxo
bridges between the chemisorbed carbohydrate molecule and metal ions
at the oxide surface (e.g. TiO,, a-FeOOH, and 0-Fe203). Bridging was
claimed to inhibit the loss of water, promoting a rearrangement that leads
to elimination of formyl radicals. For natural carbohydrates, the latter re-
action mainly involves carbon-1, whereas the main radical products of the
oxidation were observed to be radicals arising from H atom loss centered
on carbon-1, -2, and -3 sites. Photoexcited TiO, oxidizes all carbohydrates
and polyols, whereas a-FeOOH oxidizes some of the carbohydrates,
a-Fe,0, being unreactive. [34]

Detailed mechanistic studies on photocatalytic oxidation of related
organic compounds (e.g., methane to methanol, partial oxidation of ge-
raniol to produce only citral, glycerol oxidation and propene epoxidation
among others) are obviously out of the scope of the present contribution,
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but readers are kindly referred to a recently reported comprehensive over-
view on this subject. [35]

11.5.2 LIGNOCELLULOSICS PHOTO-ASSISTED
PRETREATMENTS AND SELECTIVE PHOTO-OXIDATIONS OF
AROMATIC ALCOHOLS AS LIGNIN MODEL COMPOUNDS

Lignocellulosics pretreatment using (bio)chemical methodologies has at-
tracted a great deal of attention in recent years. Enzymatic saccharification
(SA) and subsequent fermentation (FE) are conventionally utilized pro-
cesses for bio-ethanol production from cellulose materials. Importantly,
an efficient biological saccharification of lignocellulosic material requires
certain pre-treatment steps. Several reported pre-treatments include the use
of dilute H,SO,, alkali or pressured hot water and even the utilisation of
ionic liquids. Photocatalytic pre-treatments of lignocellulosics have how-
ever rarely been reported in the literature. Interestingly, Yasuda et al. [36]
have recently devised a 2 step process for biological bioethanol production
from lignocellulose via feedstock pre-treatment with titania photocatalyst
under UV-illumination. Selected lignocellulosic feedstocks were napier-
grass (Pennisetum purpureum Schumach) and silver grass (Miscanthus
sinensis Andersson) as summarized in Table 1, entry 8. The photocata-
lytic pre-treatment did not significantly affect the final product distribu-
tion, demonstrating that TiO, was not interfering with biological reactions
promoted by cellulases and yeast. Most importantly, the photocatalytic
pre-treatment was remarkably effective in reducing the time in SA and
FE reactions with respect to untreated and NaOH pre-treated feedstocks.
The photocatalytic pretreatment was also proved to be an environmentally
sound replacement for acid- and alkali-based processes. This report con-
stitutes the first finding on photocatalytic pre-treatments featuring impor-
tant insights into bioethanol production from cellulose.

Another example of the combination of a photocatalytic process with
biomass oxidation comprised an integration of photochemical and elec-
trochemical oxidation processes for the modification and degradation of
kraft lignin applied (Table 1, entry 9).37 Ta,05-IrO, thin films were used
as electrocatalysts with TiO, nanotube arrays as photocatalyst. Lignin
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deconstruction provided vanillin and vanillic acid, relevant compounds
with important applications in the food and perfume industries.

In spite of these recent reports that exemplify the potential of pho-
tocatalysis for lignocellulosics conversion, selective photocatalytic trans-
formations of lignocellulosic feedstocks are rather challenging due to the
complex structure of lignocellulose, particularly related to the highly re-
calcitrant lignin fraction. Comparatively, relevant research has been con-
ducted on model compounds which have been selected on the basis of
representing structural motifs present in lignocellulose.

Aromatic alcohols have been used as model lignin compounds to be
converted into various compounds via photocatalytic processing (Table 2).
Among selective oxidation processes of alcohols, the conversion of ben-
zyl alcohol to benzaldehyde is particularly attractive. Benzaldehyde is in
fact the second most important aromatic molecule (after vanillin) used in
the cosmetics, flavor and perfumery industries. Synthetic benzaldehyde is
industrially produced via benzylchloride hydrolysis derived from toluene
chlorination or through toluene oxidation. In this regard, alternative proto-
cols able to selectively produce benzaldehyde from benzyl alcohol are in
demand. While most research on selective production of benzaldehyde has
been reported via heterogeneously catalyzed protocols, there are some rel-
evant examples of such reactions under photo-assisted conditions. Aero-
bic aqueous suspensions of Au supported on cerium(IV) oxide (Au/CeO,)
were reported to be able to quantitatively oxidize benzyl alcohol to benz-
aldehydes under green light irradiation for a reaction time of 36 h (Table
2, entries 4—7). [38] Comparatively, the oxidation of benzyl alcohol was
performed using differently prepared TiO, catalysts, reaching selectivities
three- to seven fold superior to those of commercial TiO, catalysts. [39]

In terms of benzyl alcohol derivatives, the aqueous phase photocatalytic
oxidation of 4-methoxybenzyl alcohol was achieved by using uncalcined
brookite TiO,. A maximum selectivity of ca. 56% towards aldehydes (i.e.
ca. 3 times higher than that obtained with commercial TiO,) was reported.

Heteropolyoxometalate (POM) catalysts of the type [S,M O,,]4+ (M
= W, Mo)* have also been developed to carry out the photo-oxidation
of aromatic alcohols under sunlight and UV/Vis light in acetonitrile.
Mechanistic investigations of photocatalysis by these nontoxic com-
pounds indicate that near-UV/Vis irradiation of a POM solution results
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in an oxygen-to-metal charge-transfer excited state that has strong oxi-
dation ability, responsible for the oxidation of organic substrates. Pho-
toexcited POMs were observed to be reduced by the transfer of one or
two electron(s) from the organic substrate. Other types of POMs including
water tolerant materials by combining homogeneous POMs with photoac-
tive and inactive supporting materials (e.g., mesoporous molecular sieves,
titania in amorphous phase) and silica-encapsulated H,PW ,0, have also
been reported in similar chemistries.

The acceleration of the aerobic photo-oxidation of similar alcohols has
also been described to take place on TiO, or SiO,/TiO, samples without
any loss of selectivity via surface loading of Bronsted acids (reaction time
2-7 h, conversion of the starting molecules ca. 42—100 mol%, selectiv-
ity 73—100 mol%). [41] The effect of Bronsted acids was confirmed and
enhanced when a small quantity of SiO, was incorporated into TiO2 after
the acid pretreatment, due to the presence of more acid sites on the TiO2
surface. The acceleration effect was attributed to the protons of Bronsted
acids that effectively promote the decomposition of the formed surface
peroxide-Ti species. This was demonstrated by means of in situ spectros-
copy titration measurements which indicated that this phenomenon leads
to surface site regeneration, contributing to an enhancement of the cycle
efficiency without any loss of selectivity.

A similar selective photocatalytic oxidation of aromatic alcohols to al-
dehydes was systematically studied under visible-light irradiation utiliz-
ing anatase TiO, nanoparticles. [42] The unique features of the protocol
rely on the possibility to use visible light irradiation apart from UV due
to the formation of surface complex species by the adsorbed aromatic al-
cohol. Studies using fluorinated TiO, pointed to a dramatic decrease of
photocatalytic activity under visible light irradiation which suggested a
significant role played by the adsorption of the aromatic alcohol species
on the surface of the solid involving the surface OH species. [42] Fig. 7
summarizes the reaction pathway proposed by Higashimoto et al.42a for
the selective photocatalytic oxidation of benzyl alcohol in the presence of
oxygen and titania. The surface complexes formed by the close interac-
tion of the alcohol group or the aromatic ring with the hydroxyl surface
group are able to absorb in the visible region, and hence the photoex-
cited complex undergoes hydrogen abstraction in the CH,OH group by the
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TABLE 2: Selected representative examples of selective photocatalytic oxidation of
aromatic alcohols as model lignin compounds.

Entry | Reactants | Products | Conversion [%] Selectivity [%]

Immobilized TiO, on silica cloth. Reaction conditions: alcohol, 1.43 mmol min™; O /alcohol = 22;
2.5-L annular photoreactor (average contact time 32 s); temperature = 190°C; conversion after 2-h

illumination (UV light) time. [49]

1 CHOH Ejbﬂ 35 >95

2 OH o 97 7 (83% styrene)
: Cl —CHa

3 CHy=CHOH CH—CHO 53 26

Oxidation over

Au/Ce0, 50 mg; 5 mL water; 1 bar O,;

1 wt% Au/CeO2 under green light. Reaction conditions: benzyl alcohols 33 mmol;

25°C; LED 530 nm; conversion after 20-h illumination

h. [46]

alcohol; H,0, (10 mmol, 30 wt% in water); 8 mg of CQD

time. [38]
4 (jmﬂ >99 >99
5 LOH CHO >99 >99
L, | .
6 CHL0H CHO >99 >99
Carbon Quantum Dots (CQDs) under NIR light irradiation. Reaction conditions: 10 mmol

catalyst; 60°C; NIR irradiation for 12

8

o

.

92

100
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TABLE 2: CONTINUED.
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11 oH o 90 >96
CH—CHy —CHa
12 o 88 >99
—0—CH; CHO
Au,(DP,)/P25 catalyst. Reaction conditions: 5 mL toluene (solvent); 10 mmol alcohol; 20 mg
catalyst; 1 bar O,; 30°C; 4 h irradiation time (98% of light involves the visible range). [47]
13 OH 0 79 100
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TABLE 2: CONTINUED.

18 >99 >100

OH

| m/(j&% W(japm
SO oo

Multi-Pd core~CeO, shell nanocomposite. Reaction conditions: 20 h of visible light (. > 420 nm)
irradiation time. [48]

19 81 99

20 @/::w CHO 28 100
21 mc/cﬁnm ’“/Cfcm 10 100

photoproduced holes forming a water molecule. The organic radical also
releases one electron to form benzaldehyde. At the same time the photoin-
duced electrons are trapped by oxygen in the reacting medium.

Benzyl alcohol and some of its derivatives (para-structures) could be
converted into their corresponding aldehydes at high conversions and
selectivities (ca. 99%) under both UV and visible light irradiation. The
only exception to this behavior was 4-hydroxybenzyl alcohol which was
oxidized to 4-hydroxy benzaldehyde (selectivity of ca. 23% at ca. 85%
conversion) along with some unidentified products. The authors claimed
that OH groups from the TiO, surface reacted with the aromatic com-
pound to form Ti—O—Ph species, exhibiting strong absorption in the vis-
ible region by ligand to metal charge transfer. These findings confirmed
the results reported by Kim et al. [43] which proposed a direct electron
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transfer from the surface complexes to the conduction band of the TiO,
upon absorbing visible light. Importantly, results evidenced that visible
light can induce reactions by substrate—surface complexation enabling vis-
ible light absorption. Similar observations were recently reported by Li
and co-workers [44] with nanorods of rutile titania phase synthesized by a
hydrothermal reaction using rutile TiO, nanofibers obtained from calcina-
tion of composite electrospun nanofibers. The authors proposed a tenta-
tive mechanism where selective photocatalytic activities were proposed
to be due to the visible-light absorption ability of the benzyl alcohol-TiO,
nanorod complex and the unique properties of rutile TiO, nanorods. Ex-
cellent properties of these materials including a high surface-to-volume
ratio, unidirectional 1D channels and superior survivability of electrons
may contribute to more efficient electron transport, further required for
benzaldehyde formation (>99% selectivity to benzaldehyde).

Visible light illumination of nitrogen-doped TiO, prepared by a sol-
gel method brings about the selective oxidation of benzyl and cinnamyl
alcohols to the corresponding aldehydes. Upon UV light irradiation, the
alcohol conversion rate is faster but the reaction is unselective with respect

Visible light
Crom 0> O3 N
'H OH " \ ) s
A - “f\ﬁ;/p/\
S e

HO\ /OH | /OH

Ti Ao,
0/ LL\O LL /0
/ [/

FIGURE 7: Proposed reaction mechanism for the photocatalytic selective oxidation of
benzyl alcohol under visible light irradiation. [42]*
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to aldehyde formation. [45] The reaction takes place in oxygenated dry
nitrile solvents (CH,CN as the optimum solvent) and is totally inhibited
in the presence of water. Alcohols were proved to be weakly adsorbed (do
not readily capture the photogenerated holes) and the interaction of ace-
tonitrile with the surface was demonstrated by its quenching of lumines-
cence from band gap energy levels introduced by nitrogen. The formation
of active oxygen species, particularly superoxide radicals, was proposed
to be a key channel leading to aldehyde formation. Nevertheless, the pos-
sibility of dry acetonitrile playing an active role in the reaction mechanism
cannot be ruled out as acetonitrile has been previously reported to promote
the formation of active radical species. [45]

A new class of carbon nanomaterials known as Carbon Quantum
Dots (CQDs) with sizes below 10 nm can also function as an effective
near infrared (NIR) light driven photocatalyst for the selective oxidation
of benzyl alcohol to benzaldehyde. [46] Based on the NIR light driven
photo-induced electron transfer property and its photocatalytic activity for
H,0, decomposition, this metal-free catalyst could efficiently provide high
yields of benzaldehyde under NIR light irradiation (Table 2, entries 8—12).
Hydroxyl radicals were the main active oxygen species in benzyl alcohol
selective oxidative reaction as confirmed by terephthalic acid photolumi-
nescence probing assay, selecting toluene as a substrate. Such metal-free
photocatalytic system also selectively converts other alcohol substrates
to their corresponding aldehydes with high conversion, demonstrating a
potential application of accessing traditional alcohol oxidation chemistry.

Plasmonic photocatalysts (noble metal — semiconductor hybrids) have
been reported for selective formation of organic molecules. [47] Nano-
sized (<5 nm) gold nanoparticles supported on anatase—rutile interphase
(Evonik P-25 photocatalyst) by a deposition—precipitation technique could
take advantage of plasmonic effects to achieve the photocatalytic selec-
tive production of several aromatic aldehydes from their corresponding
aromatic alcohols (Table 2, entries 13—19). This photocatalysis can be
promoted via plasmon activation of the Au particles by visible light fol-
lowed by consecutive electron transfer in the Au/rutile/anatase interphase
contact. Activated Au particles transfer their conduction electrons to rutile
and then to adjacent anatase which catalyzes the oxidation of substrates
by the positively charged Au particles along with reduction of oxygen by



256 New Biotechnologies for Increased Energy Security: The Future of Fuel

the conduction band electrons on the surface of anatase titania. Oxygen
peroxide species have been found to be responsible for alcohol oxidation.
Au,(DP_.)/P25 produced 17 pmol of acetophenone in the dark as a result
of the high activity of the small Au particles. Light irradiation further en-
hanced the reaction to produce 74 umol of acetophenone (over 4 times
that obtained in the absence of light). Visible light illumination of Au/P25
catalyst clearly enhances the oxidation process.

Recent progress in metal core-semiconductor shell nanohybrids has
also demonstrated that these systems can be potentially utilized as pho-
tocatalysts for selective organic oxidations. [48] A (Pt)-CeO, nanocom-
posite has been prepared in an aqueous phase with tunable core—shell and
yolk—shell structure via a facile and green template-free hydrothermal ap-
proach, as illustrated in Fig. 8A. [48] The authors found that the core—shell
nanocomposite could serve as an efficient visible-light-driven photocata-
lyst for the selective oxidation of benzyl alcohol to benzaldehyde using
molecular oxygen as a green oxidant. The same authors also prepared vari-
ous hybrids based on other metals (e.g. Pd) and carried out photocatalytic
selective oxidation of benzylic alcohols over the multi-Pd core@CeO,
shell nanocomposite (Table 2, entries 20—22). Electron—hole pairs are pro-
duced under visible light irradiation. Electrons are then trapped by the Pd
cores and adsorbed benzyl alcohol interacts with holes to form the cor-
responding radical cation. Further reaction with dioxygen or superoxide
radical species will lead to the formation of the corresponding aldehydes,
with the plausible mechanism illustrated in Fig. 8B.

These photocatalytic protocols account for lab scale systems with
relatively restricted applications. However, the possibility of scaling up
photocatalytic processes to selective large scale processes has also been
attempted in recent years. With regard to photocatalytic selective oxida-
tion processes, various aromatic alcohols could be converted in a gas-
phase 2.5-liter annular photoreactor using immobilized TiO, catalyst and
under UV light (Table 2, entries 1-3). [49] The system was found to be
specifically suited for the selective oxidation of primary and secondary
aliphatic alcohols to their corresponding carbonyl compounds. Benzylic
alcohols gave higher conversions, however, with more secondary reac-
tion products. The presence of oxygen was found to be critical for the
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photooxidation. One disadvantage of the system relates to catalyst deac-
tivation, which is attributed to the surface accumulation of reaction prod-
ucts. However, the catalyst could be regenerated by calcination in air for
3 h at 450 °C, providing similar activities to those of fresh catalysts. [49]

Another similar scale-up protocol was developed in a solar pilot plant
reactor using TiO,/Cu(Il) photocatalyst. [S0] A maximum yield of 53.3%
for benzaldehyde could be obtained with respect to initial benzyl alcohol
concentration (approx. 63% selectivity, reaction time 385 min), operating
with an average temperature of 38 °C. It is well known that the substitu-
tion of oxygen with potential reducing species (in this case metal ions
dissolved in the solution) still enables the oxidation of the organic species
present in the solution. The authors claimed that in the absence of oxygen,
one of the photochemical pathways is inhibited, leading to unselective OH
radical production. In fact, the formation of superoxide radicals (02") or
hydrogen peroxide (H,0O,) is not possible in the absence of oxygen, whose
photolysis can generate OH radicals. In this case, OH radicals should form
just as a result of the reaction of water with positive holes.

FIGURE 8: (A) TEM image of as-synthesized multi-Pd-core-CeO,-shell nanoparticles;
(B) a plausible mechanism for the selective oxidation of aromatic alcohols to aldehydes
in the presence of multi-Pd-core-CeO,-shell photocatalyst under visible light irradiation
(adapted from ref. 48, Royal Society of Chemistry).
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11.6 FUTURE CHALLENGES AND PROSPECTS

The concept to utilize solar light energy at room temperature and atmo-
spheric pressure via photocatalysis to selectively convert lignocellulosic
biomass to important chemicals and valuable products is a highly innova-
tive approach that can bring several benefits from energy and environ-
mental viewpoints. As such, photocatalytic selective processes are able
to keep selectivities to products at reasonable levels at increasing con-
versions in the systems, as opposed to conventional thermally activated
heterogeneous catalysis.

Photochemical reactions also require milder conditions to those gener-
ally present in thermal processes which may allow the conception of short
and efficient reaction sequences, minimizing side processes making use of
sunlight as a completely renewable source of energy (leaving no residue).
In the near future, integrated systems of simultaneous photocatalyst-me-
diated chemical evolution and water purification may be possible. These
processes could then be efficiently coupled to scale-up facilities (e.g. solar
plants) able to provide continuous flow equipment and large reactors for
important advances in the field.

Ideal photocatalysts for commercial applications in the valorization of
such organic residues should be designed to be able to maximize conver-
sion with a compromised selectivity for the desired product under solar
light irradiation in aqueous solution (or a solventless environment), avoid-
ing complete mineralization. However, even though most reported syn-
theses can be virtually carried out under sunlight, there are only very few
reports on sunlight utilization for such transformations due to reproduc-
ibility issues in measurements.

This contribution has been aimed to illustrate that novel nanotechnol-
ogy and nanomaterials design are currently bringing innovative concepts,
ideas and protocols to the design and preparation of well-defined heteroge-
neous photocatalysts with highly controllable and desirable properties. By
combining these new synthetic routes with surface-science, fundamentals
of heterogeneous photocatalysis and theoretical mechanistic studies, we
should possibly develop a new generation of highly stable and selective
photocatalysts for oxidative organic transformations including those of
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lignocellulosic derivatives from which we hope to actively participate in
future years to come.
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CHAPTER 12

Development of Mesoscopically
Assembled Sulfated Zirconia
Nanoparticles as Promising
Heterogeneous and Recyclable
Biodiesel Catalysts

SWAPAN K. DAS anp SHERIF A. EL-SAFTY

12.1 INTRODUCTION

The design and synthesis of porous crystalline metal oxides have been
receiving great interest from the scientific community because of their ver-
satile applications, such as solar cells, sensors, filters and catalysts. [1-7]
Metal oxides fabricated via conventional sol-gel procedures are usually
amorphous in nature, and their crystallization require high-temperature
treatment, which often results in the collapse of mesostructures. Thus,
their applications are limited. [8] This limitation has motivated research-
ers in studying the formation of uniform crystalline-building nanounits
that can be utilized as precursor artificial atoms for the fabrication of crys-
talline mesoporous structure in mild reaction conditions. [9] Different
routes, such as sol-gel, hydrothermal, and solvothermal crystallization, for
the synthesis of metal oxide nanocrystals of various sizes and shapes and
several nanoparticle (NP) assemblies with porous structures, such as TiO,,

Development of Mesoscopically Assembled Sulfated Zirconia Nanoparticles as Promising Heteroge-
neous and Recyclable Biodiesel Catalysts. © Das, S. K. and El-Safty, S. A. (2013); ChemCatChem, 5:
3050-3059. doi: 10.1002/cctc.201300192. Used with permission.
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[10] CeO,, [4,11] CeO,-Al(OH),, [11] and SnO,, [12] have been reported.
Chen et al. reported the hydrothermal fabrication of nanocrystalline zir-
conia (Zr0O,) by using a mixed-surfactant route with mixed tetragonal and
monoclinic phases that exhibit both macropores and small mesopores.[13]
We recently prepared self-assembled mesoporous ZrO, NPs through evap-
oration-induced self-assembly (EISA) method via a nonaqueous route in
the presence of pluoronic F127. [14] However, the synthesis of crystalline
porous self-assembled ZrO, NPs with controllable pore structures by us-
ing a template as a fastening agent is still a big challenge today.

The utilization of porous solid materials in biodiesel production is
a very interesting area because it correlates with environmental issues
and fuel crisis. [15-16] Biodiesel is considered as a promising alter-
native fuel compared with conventional petroleum diesel because the
former is eco-friendly and promotes a positive life cycle-energy balance.
Biodiesel also has a higher octane number and a higher flash point than
diesel fuel, thereby providing better performance and safer use. [17—18]
Moreover, alkyl esters of fatty acids have been utilized as an important
ingredient in different uses, such as perfumes, flavors, cosmetics, food
additives, lubricants for textiles, detergents, soaps, and plasticizers. Bio-
diesel is made from renewable resources and low-cost feedstock, such
as yellow greases, rendered animal fats, and trap greases that contain
a high concentration of free fatty acids. [19—20] Biodiesel is prepared
through the esterification of free fatty acids or the transesterification of
triglycerides with methanol or other alcohol in the presence of acid or
base catalysts. [21-23] Industrial biodiesel production involves homo-
geneous base catalysis, which is correlated with a high production cost
because this method encounters neutralization and separation problems.
[24] Base-catalyzed procedure suffers from several limitations of feed-
stock. For example, the free fatty acid content in the feedstock should
be lower than 0.5 wt%. Otherwise, biodiesel production will be badly
hampered because of soap formation. [24] Concentrated sulfuric acid-
catalyzed esterifications are basically homogeneous process, which is
corrosive and critical for waste separation. [25]

Solid acid catalysts are considered as suitable candidates for heteroge-
neous catalysis because of the limitations in homogeneous catalysis. Het-
erogeneous catalysis that involves the use of solid acid catalysts does not
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encounter corrosion issues and offers the usual advantages such as easy
product isolation and catalyst reusability, thereby minimizing the loss of
products during catalyst separation. [26] To date, various solid acid cata-
lysts such as zeolites, [27-28] sulfonated carbonized sugar, [29-30] sul-
fated ZrO,, [31-33] sulfated silica-ZrO,, [34] Zr-PMOs, [35] ion exchange
resins and ionic liquid,[36] zirconium phosphate/metal oxides, [37] and
organosulfonic acid-functionalized mesoporous silica [38-39] have been
developed in biodiesel reaction. Zeolites are microporous solids and are
not a suitable candidate in biodiesel reaction because of the diffusion limi-
tations of long-chain fatty acid molecules. lon exchange resins are also not
considered as a potential candidate because of their low thermal stability.
Solid acids usually catalyze the esterification reaction of fatty acids with
methanol or with other small-chain alcohols at high temperature ranging
from 373 K to 453 K. Kiss et al. have displayed various interesting bio-
diesel catalysts, such as niobic acid, sulfated ZrO,, sulfated titania, and
sulfated tin oxide, and have revealed that sulfated ZrO, is the most ac-
tive in this aspect. [28,17] Another sulfated ZrO,-anchored mesoporous
silica catalyst has also been reported by Chen et al. for the heterogeneous
catalysis of the esterification of long-chain fatty acids. [34] Myristic acid
has been esterified with short-chain alcohols by using sulfated ZrO,. [31]
Rebeca et al. showed that Zr-loaded mesoporous organic-inorganic hybrid
silica catalyzed the biodiesel production by the esterification/transesteri-
fication of free fatty acid in feedstock. [35] Thus, we have also developed
zirconium oxophosphates, where the esterification reaction of different
long chain fatty acids with methanol was heterogeneously catalyzed. [40]
Studies have shown that researchers are extremely interested in develop-
ing heterogeneous recyclable catalysts in bio-fuel preparation, and that the
invention of suitable green catalysts is a big challenge today.

In this context, we show the development of new mesoscopic assembly
zirconium nanostructures (MAsZrNPs) by using premade NPs as a frame-
work building block through the use of a template as a fastening agent in
an acidic aqueous medium. The porous frameworks were generated by
removing the fastening template molecules as well as the internal rear-
rangement of NPs at high-temperature calcinations. The highly crystal-
line characteristic of the NPs effectively sustained the local strain during
mesophase formation. The pore walls of the materials were composed of
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individual NPs, which provide high structural stability in high temperature
and in harsh chemical reactions. The utilization of premade NPs mini-
mized the possibility of increased NP size during the entire porous struc-
ture creation, and provided a higher surface area compared with bulk NPs.
The sulfonated matrix was used as an efficient heterogeneous solid acid
catalyst in the biodiesel reaction, such as in the conversion of long-chain
fatty acids to their corresponding esters in mild reaction conditions. A high
surface area facilitated the integration of sulfate functionality and the open
framework structure provided easy access of active site in the chemical
reactions. Large pore size favors the diffusion of large-size fatty acid mol-
ecules. With the presence of strong acid sites, the biodiesel reaction rate
significantly accelerated in optimal reaction conditions. [40—41] The sul-
fated MAsSZrNPs function as a heterogeneous and recyclable catalyst in
the biodiesel reaction, and the maximum biodiesel yield was ca. 100%.
To our knowledge, the fabrication of such mesoporous nanoassemblies by
using premade monodisperse NPs with a high surface area and by using
sodiumdodecyl sulfate (SDS) as a fastening agent via the hydrothermal
method and its utilization as a heterogeneous solid acid catalyst in bio-
diesel reactions have not been explored. The mesopurous nanoassemblies
provide efficient catalytic reusability in biodiesel reaction with negligible
loss of activity.

12.2 RESULTS AND DISCUSSION
12.2.1 FABRICATION OF MASZRNPS BIODIESEL CATALYST

The development of new MAsZrNPs by using premade NPs as a frame-
work building block through the use of a template as a fastening agent
(Scheme 1) is highly challenging. The entire synthetic process involves
the following: (1) preparation of highly disperse and very small ZrO, NPs
sol and their utilization as framework building units. (2) Fastening of ZrO,
NPs with a template molecule because the pH of the solution (pH ca. 1) is
below the point of zero charge (PZC, 4-6); [14] thus, positively charged
ZrO, NPs interact with the negative head group of the anionic structure
directing agent (SDS) through electrostatic interaction, and a mesoscopic
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Scheme 1. Schematic representation of the formation of nanoassembly MAsZrNPs through
the hydrothermal method by using an anionic structure directing agent (SDS) as a fastening
agent.

assembly architecture is generated. (3) The generation of porous frame-
works through the removal of fastening template molecules, the internal
rearrangement of NPs at high temperature calcinations, and the highly
crystalline nature of NPs effectively sustain local strain because of meso-
phase formation. The main advantages of these frameworks are as follows:
(1) individual NP composed the pore walls of the matrix, which provide
a high structural stability at high temperature and in harsh chemical re-
action conditions. (2) Premade NPs minimize the possibility of NP size
increase throughout the porous framework construction. (3) The special
arrangement of NPs generates porous frameworks with a higher surface
area compared with bulk NPs. Hence, catalytic application is important
because the catalyst has plenty of accessible active sites. Moreover, large
pores and an open framework structure facilitate the diffusion of large
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FIGURE 1: Process diagram for second generation ethanol production.

fatty acid molecules. NP morphology and crystallinity were confirmed via
HRTEM, SAED (Figure 1), and wide angle powder x-ray diffraction (Fig-
ure 2B). The small-angle PXRD results of both types of materials (i.e., not
sulfated and sulfated) suggest that the structure was retained and that the
mesoscale was porous (Figures 2A and S1A). The EDS surface chemi-
cal analysis results show the successful integration of sulfate functionality
(Figure S2, see SI). The main advantages of the materials in the catalysis
are as follows: (1) high surface area that integrates sulfate functionality,
and an open framework structure that provides easy access of the active
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FIGURE 2: Small-angle PXRD patterns of (A) sulfated MASSZrNPs-1 (a), MAsSZrNPs-2
(b), MAsSSZiNPs-3 (c), and MAsSZrNPs-4 (d) samples; (B) Wide-angle sulfated
MASSZrNPs-1 (a), MAsSZrNPs-2 (b), MAsSZrNPs-3 (c) and MAsSZrNPs-4; (*)
monoclinic phase, (o) tetragonal phase.

sites during the chemical reaction. (2) The sulfated MAsSZrNPs function
as heterogeneous and recyclable catalyst in the biodiesel reaction during
the transformation of long-chain free fatty acids into their corresponding
esters. The maximum biodiesel yield was ca. 100%. (3) Excellent het-
erogeneous catalytic activity of MAsSZrNPs, which can be attributed to
the large surface area, the presence of ample acidic sites located at the
surface of the matrix, and its stability towards harsh chemical reaction
conditions. Two NH, desoption peaks are assigned at 278.9 and 639 K for
MASsSZrNPs (see Figure S3, in SI). Compared to the desorption peak of
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FIGURE 3: N, adsorption/desorption isotherms of (A) calcined MASZrNPs-1 (a),
MASZrNPs-2 (b), MAsZrNPs-3 (c), and MAsZrNPs-4 (d) samples; (B) calcined
mesoporous sulfated MAsSZrNPs-1 (a), MAsSZrNPs-2 (b), and MAsSZrNPs-3 (c)
samples measured at 77 K. Adsorption points are marked by filled circles and desorption
points by empty circles.

recently prepared sulfated zirconia at 635 K [14], the MAsSZrNPs showed
a peak at much higher temperature. These findings reveal that, the fabri-
cated strategy of nano-assembly sulfated of Zirconia showed a strongly
bound of ammonia on highly acidic sites. (4) The catalyst shows negli-
gible loss of activity in the catalytic recycles. This concept will be utilized
to design and synthesize other mesoscopic assembly materials. Catalytic
significance may confer its paramount importance in other acid catalyzed
reactions.



Development of Mesoscopically Assembled Sulfated Zirconia Nanoparticles
271

12.2.1.1 HIGH-RESOLUTION TEM ANALYSIS

The representative TEM images of the calcined MAsZrNPs are shown in
Figures 1a and 1b. In these images, low electron density spots (pores) are
observed throughout the respective specimens, and the particles of size ca.
7.0 nm to 9.0 nm are arranged in a mesoscopic order. Interparticle pores,
as seen in these images, vary from 4.0 nm to 6.0 nm in length. The SAED
analysis results (Inset of Figures 1a and 1b) of the mesoporous MAsZ-
rNPs confirm that the pore walls of our studied materials are made up of
nanocrystalline oxides that show characteristic diffuse electron diffraction
rings. These well-resolved diffraction rings are attributed to the polycrys-
talline nature of NPs. [13—14] HRTEM images reveal the orientation of
NPs within the pore walls, as well as several nanocrystallites with well-
resolved lattice planes, as shown in Figures 1c and 1d. In these HRTEM
images, the marked white portion within the circle are the pores, whereas
the marked black portion within the circle are the observed NPs. The av-
erage pore diameters measured from this micrograph are consistent with
the pore size distribution derived using the NLDFT method from the N,
adsorption/desorption isotherms, as shown in Figure 4.

12.2.1.2 POWDER X-RAY DIFFRACTION

The small-angle PXRD patterns for the calcined and sulfated MAsZrNPs
are shown in Figures 2A and S1A (see supporting information; SI), respec-
tively. Both types of materials show a single broad peak in their respective
small-angle PXRD patterns. This result suggests that NPs arranged more
or less disorderly in these materials, as shown in the TEM images (Figure
1). [14] The calcined MAsZrNPs show a diffraction peak at ca. 2.00° (20),
which indicates a d spacing of ca. 4.41 nm, whereas in MAsSZrNPs, this
diffraction peak slightly shifts to ca. 1.95°, and the corresponding d spac-
ing is ca. 4.52 nm. The XRD results are consistent with the TEM micro-
graphs and the N, sorption analysis results. The small-angle PRXD results
show the existence of mesoporosity in both types of materials, and during
high-temperature calcinations, individual NPs rearranged to create meso-
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FIGURE 4: NLDFT pore size distribution of (A) calcined MAsZrNPs-1 (a), MAsZrNPs-2
(b), MASZrNPs-3 (c), and MAsZrNPs-4 (d) samples; (B) calcined sulfated MAsSZrNPs-1
(a), MAsSZrNPs-2 (b), and MAsSZrNPs-3 (c) samples.

porosity. The highly crystalline nature of the materials effectively sustains
the local strain during mesophase formation. [4,11]

The wide-angle PXRD patterns of the calcined and sulfated MAsZ-
rNPs are shown in Figures 2B and SIB (see in SI), respectively. The
XRD results for both types of materials exhibit a mixture of well-resolved
characteristic monoclinic and tetragonal phases of individual ZrO, NPs.
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[13,42-44] Calcined MAsZrNPs possesses a tetragonal phase, which is
its major characteristic (Figure 2B). After sulfate integration, the mono-
clinic phase becomes more prominent, as observed in the Figure S1B.
Thus, integrated sulfate ions have a strong influence on phase modifica-
tion. Sulfate ions converted the meta-stable tetragonal phase to its more
thermodynamically stable monoclinic phase. [42] In the current research,
the particle sizes of NPs were calculated using the Scherrer equation. The
estimated particle size varied from 7.0 nm to 9.0 nm (see in SI). These
results are in agreement with TEM image analysis results (Figure 1).

12.2.1.3 N, SORPTION STUDY

N, sorption studies are important to determine the porous nature of the
materials. N, sorption measurements were carried out on the calcined and
sulfated mesoporous MAsZrNPs at 77 K, and the type-1V adsorption-de-
sorption isotherm exhibited a small hysteresis loop, as shown in Figures
3A and 3B, respectively. Type-1V isotherms are characteristic of meso-
porous materials, and desorption hysteresis results suggest the existence
of large mesopores in the sample. [45] This hysteresis is an intermediate
between typical H,- and H -type hysteresis loops in a P/P range from
0.40 to 0.9. This result suggests that large mesopores with cage-like pore
structure are connected by windows with small sizes. [10,46] This charac-
teristic is typical of of capillary condensation within uniform pores. In the
current research, the Brunauer-Emmett-Teller (BET) surface area, average
pore diameter, and pore volume for the calcined and sulfated mesoporous
MASsZrNPs are shown in Table 1 (entries 1-4 for the calcined MAsSZrNPs
and entries 4—7 for the sulfated MAsZrNPs). The BET surface area of the
calcined MAsZrNPs-1, MAsSZrNPs-2, MAsZrNPs-3, and MAsZrNPs-4
are 183, 142, 139, 67 m2g-1, respectively. The surface area of the sulfated
MASZrNPs-1, MAsZrNPs-2, and MAsZrNPs-3 are 93, 103, and 98 m?g’!,
respectively. The pore volumes of the corresponding calcined materials
decreased after the incorporation of the sulfate group, as shown in Table
1 (entries 4-7). Thus, the surface areas as well as the pore volumes of the
calcined matrices decrease upon sulfate integration, which can be attrib-
uted to the dispersion of sulfate groups on the surface of the porous frame-
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TABLE 1: Physico-chemical properties of mesoscopic assembly zirconia and sulfated
zirconia nanoparticles.

Entry Sample type Surface area Pore width Pore volume Particle
(m?g™) (nm) (ccgh) size (nm)
1 MASZrNPs-1 183 6.26 0.272 7.63
2 MASZrNPs-2 142 4.26 0.265 8.13
3 MASZrNPs-3 139 424 0.207 8.34
4 MASZrNPs-4 67 4.02 0.082 8.69
5 MASSZrNPs-1 93 6.87/14.20 0.160 7.94
6 MASsSZrNPs-2 103 4.59 0.114 7.21
7 MASSZrNPs-3 98 4.87 0.272 8.21

work. Moreover, a kind of pore blocking can also occur. [26] The pore
size of MASZrNPs, as shown in Figure 4A and estimated by employing
the NLDFT method, is in agreement with the pore widths obtained from
TEM images (Figure 1) and XRD analysis results (Figures 2A and 1SB).

12.2.1.4 UV-VIS DIFFUSE REFLECTANCE SPECTRA

UV-visible spectroscopy was performed to characterize the optical prop-
erties of ZrO, nanocrystals, where pore walls of the mesoporous self-
assembly architecture were formed. Figures 5 and S3 (see SI) show the
UV-visible diffuse reflectance spectra of the calcined and sulfated meso-
porous MAsZrNPs, respectively. The spectral features of these materials
are almost identical. The absorption band ca. 208 nm appeared because of
the ligand-to-metal charge-transfer transition (LMCT, O* — Zr*+). Fur-
thermore, a weak broad band is observed in the region from 224 nm to
230 nm. This result can be attributed to the presence of Zr-O-Zr linkages
in the framework. [34] The UV absorption edge wavelength is very sensi-
tive to the particle size of semiconductor nanocrystals. [47—48] For NPs
(<10 nm), the band gap energy increases with decreasing crystal size, and
the absorption edge of the interband transition is blue-shifted. Such blue
shifts of the interband transition energy (band gap) are clearly observed



Development of Mesoscopically Assembled Sulfated Zirconia Nanoparticles
275

3 y

£

>

= -

]

S

- -

s (a)
(b)
(€)
()

400 500 600 700
Wavelength (A/nm)

200 300

FIGURE 5: UV-Vis reflectance spectra of calcined MAsZrNPs-1 (a), MAsZrNPs-2 (b),
MASsZrNPs-3 (c), and MAsZrNPs-4 (d) samples.

in the UV region of DRS for very small ZrO, nanocrystals because of the
appearance of an additional peak in the region from 270 nm to 290 nm.
[14] This spectroscopic result suggests that ZrO, nanocrystals compose
the pore walls of the mesoporous MAsZrNPs structure. However, unlike
conventional mesoporous materials with a continuous pore wall, the pore
wall of MAsZrNP materials can be considered as composed of discrete
nanodomains separated by voids.

12.2.1.5 FT IR SPECTROSCOPY

The FT IR spectra of the calcined and sulfated MAsSZrNPs are shown in
Figure 6. The absence of bands at ~2854 and ~2925 cm™! in these samples,
which are ascribed to the symmetric and asymmetric vibrations of the C-H
groups, indicates the complete removal of surfactant molecules after calci-
nations. The broad bands at ~3000 to 3600 and 1620 cm™" are attributed to
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FIGURE 6: FT IR spectraA: Sulfated MAsZrNPs-1 (a), MAsZrNPs-2 (b), and MAsZrNPs-3

samples. B: In the inset is the corresponding FT IR spectra ranging from 1800 cm™ to 800

cm’

the asymmetric OH stretching and vibration bending of the adsorbed water
molecule, respectively. [48] The spectral feature ranging from 1400 cm™!
to 900 cm™! is very important in characterizing the presence of sulfate moi-
eties in MAsSSZrNPs, and all MAsSZrNP materials show almost similar
spectral features. The observed band at 960 cm™ indicates S-O symmetric
stretching, whereas other bands at higher frequencies, such as 1033, 1069,
1128 and 1236 cm’!, are attributed to S-O asymmetric stretching. [49] Fur-
thermore, the presence of other band at 1380 cm™ indicates the asymmet-
ric stretching of S=O, which is bonded to the ZrO, NPs. [50] From the
spectral data, MAsSZrNPs-2 has numerous intense bands in the sulfate
region of asymmetric stretching, and this result may explain the higher
catalytic efficiency of MAsSZrNPs-2 in biodiesel reaction (acid-catalyzed
reaction) compared with the other two samples. Thus, this spectral investi-
gation describes the integration of sulfate moieties into the ZrO, NPs. The
partial ionic nature of the S-O bonds is responsible for the strong Brensted
acidity of the sulfate-modified ZrO, NPs. [51] The high surface area of the
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mesoporous MAsZrNPs facilitates the integration of sulfate functionality
to a suitable extent within its framework; hence, acid-catalyzed reactions
are accelerated.

12.2.1.6 CATALYTIC REACTION

The catalytic performance of sulfated MAsZrNPs in biodiesel synthesis
has been investigated through the esterification of different long-chain
fatty acids with methanol. In this study, methanol was used as a reactant
as well as a solvent for the liquid phase. In all cases, only the methyl ester
of the corresponding fatty acid was formed as a product with 100% selec-
tivity. The results of the catalytic activities of MAsSZrNPs are given in
Tables 2. In view of their good catalytic activity, a sulfate-loaded MAsSZ-
rNPs-2 catalyst was considered, typically 2.14 wt% catalyst with respect
to fatty acid (oleic acid), to obtain a maximum yield of 100% (n, /ng molar
ratio of 16.54) with TON of 18.53 (Table 2, entry 13) at 323 K after 8 h of
reaction time. When the fatty acid (oleic acid) to alcohol (methanol) molar
ratio was changed to 10, the yield and TON were not significantly affected
(Table 2, entry 15). TON calculation was carried out based on chemical
analysis, as shown in the supporting information (Figure S2). A decrease
in n,/ng to 15.13 (MAsSZrNPs-1), which corresponds to an increase in
the integrated sulfate group amount in the matrix, lowers the yield to 77%
and reduces TON to 14.26 (Table 2, entry 14). MAsSZrNPs-1 at 3 wt%
results in a lauric acid methyl ester yield of 89% with TON of 17.11 (Table
2, entry 8), whereas 6 wt% of the respective catalyst results in a yield of
91%. The increase is small, but TON decreases to 8.75 (Table 2, entry 9)
without changing other reaction parameters.

Temperature is a relevant factor. Thus, lauric acid was used as a refer-
ence to study the effect of temperature. For example, the temperature was
lowered to 283 K in the case of MAsSSZrNPs-2, which results in a decrease
of the yield to 38% and TON to 7.04 (Table 2, entry 17), whereas, increas-
ing the temperature to 303 K results in an increase of the yield to 86% and
TON to 15.93 (Table 2, entry 6). Increasing the temperature of the reaction
to 323 K increases the yield to 96% and TON to 17.78 (Table 2, entry 10).
When the system was catalyzed only without the sulfated MAsZrNPs-1
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TABLE 2: Bio-diesel reaction of different long chain fatty acids with methanol catalyzed by
mesoscopic assembly zirconia and sulfated zirconia nanoparticles.

0 0
H;C J\ 5.5 R it QAR . HsC
SeHr” oH 4 HC—OH  3ISEWTRSASERES TN e Soch,
| equiv. 10-20 equiv. At303-323 K
Entry Catalyst type Fatty acids | Alcohol: acid | Catalyst | Temp | Yield | TONL
molar ratio (wt %) (K) (%)

1 MASSZrNP-1 Decanoic acid 10 3.48 303 57 10.96
2 MASSZrNP-2 Decanoic acid 10 348 303 86 15.93
3 MASSZrNP-1 Decanoic acid 10 3.48 323 81 15.58
4 MASSZrNP-2 Decanoic acid 10 348 323 97 17.96
5 MASSZiNP-1 Lauric acid 10 3.00 303 76 14.61
6 MASSZINP-2 Lauric acid 10 3.00 303 86 15.93

7 MASsSZrNP-3 Lauric acid 10 3.00 303 42 7.78
8 MASSZrNP-1 Lauric acid 10 3.00 323 89 17.11

Ll MASSZrNP-1 Lauric acid 10 6.00 323 91 8.75
10 MASSZrNP-2 Lauric acid 10 3.00 323 96 17.78
111 MASSZrNP-2 Lauric acid 20 3.00 303 93 17.22
1214 MASSZrNP-2 Lauric acid 20 3.00 323 95 17.59
13 MASSZINP-2 Oleic acid 20 2.14 323 100 18.53
14 MASSZrNP-1 Oleic acid 10 2.14 323 77 14.26
15 MASSZiNP-2 Oleic acid 10 2.14 323 99 18.34
16 MASSZrNP-3 Oleic acid 10 2.14 323 72 13.33
17t MASSZrNP-2 Lauric acid 10 3.00 283 38 7.04

181 MASZrNP-1 Lauric acid 10 3.00 323 21 4.32

191¢ — Lauric acid 10 — 323 4 —

Conditions, unless stated otherwise: The esterification of long-chain fatty acids with
methanol was carried out with a mole ratio of fatty acid/methanol of 1:10 and 1:20 (entries
11-13). About 30 mg of the catalyst and 5 mmol fatty acid were used for each set of the
reaction. 'TON (turnover number) = moles of product or yield/mole of active sites (e.g.,
disperse Zr sites) of the catalyst. PIEsterification of lauric acid with double amount of
(60 mg) catalyst at 323 K. FEsterification of lauric acid with a mole ratio of fatty acid/
methanol of 1:20 at 303 K. WEsterification of lauric acid with a mole ratio of fatty acid/
methanol of 1:20 at 323 K. lEsterification of lauric acid at 283 K. WEsterification of lauric
acid in the presence of un-sulfated MAsZrNPs-1 catalyst. [e/Esterification of the lauric acid
in absence of catalyst. In each case, the product selectivity was 100%, and the conversion
of all the products was measured after 8 h.
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catalyst, the yield decreased to 21% and TON to 4.32 (Table 2, entry 18)
during lauric acid esterification at 323 K for 8 h. Thus, sulfate functional-
ization is important for the efficient biodiesel reaction of different fatty ac-
ids with methanol in mild reaction conditions. Blank experiments confirm
that fatty acid esterification does not occur considerably in the absence of
MASsSZrNPs catalysts (Entry 19, Table 2). From the catalytic results, the
MASsSZrNPs-2 catalyst provides the greatest efficiency in biodiesel reac-
tion than the other two materials, and also provides the maximum yield of
oleic acid.

Methanol was used in large excess relative to the fatty acids because
it functions as a reactant as well as a solvent in this type of reaction. The
use of a small amount of methanol (stoichiometry 1:1, e.g., methanol:fatty
acid) relative to the fatty acid in the respective biodiesel reaction pro-
vides a viscous mixture of the reactant and product, which is difficult to
separate. [23] Excess methanol helps dissolve the fatty acid; thus, other
solvents are not needed. Methanol also facilitates the conversion to the
desired product. Excess methanol used in the reaction can be reused in the
next run. The boiling point of methanol is quite low; thus, the separation
of excess methanol from the product mixture is not difficult. Particularly,
the isolation of the biofuel product becomes much easier when methanol
is used in excess in the reaction mixture.

The use of surface sulfate-modified zirconia nanoparticles is vital in
the esterification of fatty acids, as shown in Figure 7. Studies have shown
that sulfated ZrO, has a strong Brensted acidity, and usually favors this
type of reaction. [14,22,34,40,51,52] In the reaction, the long-chain fatty
acid is dissolved in methanol in the presence of a catalyst (MAsSZrNPs),
and the polar carboxylic group (—COOH) of the fatty acid is adsorbed to
the catalytic active sites on the surface of the material. Large pores fa-
cilitate the diffusion of bulky sized fatty acid molecules through the pore
interior, and a high surface area provides plenty of active sites for the reac-
tion. The presence of sulphonic acid on the surface of the catalyst leads to
a slight positive charge (6+) on the carbonyl carbon of the reacting fatty
acid through the protonation of the adjacent oxygen atom. Consequently,
the nucleophilic methanol (MeOH) molecule attacks the carbonyl car-
bon because the latter has a very high electrophilicity. After internal rear-
rangement, the methyl ester of the corresponding fatty acid and water are
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FIGURE 7: Schematic of the catalytic cycle during biodiesel reaction of long-chain fatty
acids with methanol by using calcined sulfated MAsSZrNPs.

formed in the reaction. In the end, the final products are easily desorbed
from the surface of the catalyst to the bulk reaction medium because the
polarity of the esterified products is lower compared to that of the reactant
(free fatty acids). In general, the MAsZrNPs catalysts showed a significant
catalytic activity over other heterogeneous or homogeneous acid and base
catalysts [17,25,28,34,40,52,53], which also require intensive design and
experimental conditions in such bio-diesel catalytic reactions (Table 3).
The stability of the MAsSZrNPs catalyst as well as the heterogeneous
nature of the catalysis was tested by recycling the catalyst. The hot filtra-
tion of a MAsSSZrNPs-2 catalyst solution in optimized reaction conditions
allows the separation of the solid catalyst, which was then reused with
fresh reagents in the same reaction conditions. No loss of catalytic activity
was observed. Moreover, the filtered solution was immediately used for
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TABLE 3: Comparative study of the reported bio-diesel catalyst with our studied materials

Entry Sample Type of Catalysis | Amount Fatty acid: Temp (K) | Time (h) Conv. Ref
(Wt%) Alcohol ratio (%)

1 SZ heterogeneous 1 1 403 2 40 [17]

2 Si0,-SZ heterogeneous 5 10 361 6 90 [34]

3 Porous ZrP heterogeneous 5 10 338 24 89 [40]

4 SBA-15-SO,H heterogeneous 10 20 358 3 84 [53]

5 HZnPS-1 heterogeneous 5 10 298 24 95 [23]
6 H,SO, homogeneous 1 1 403 1 96 [25, 28
7 MASSZrNPs-1 heterogeneous 2.14 10 323 8 77 This
work

8 MASSZrNPs-2 heterogeneous 2.14 10 323 8 99 This
work
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catalysis upon the addition of methanol, and the catalyst was not active in
increasing fatty acid esterification. These results indicate that during the
reaction, no appreciable catalyst leaching occurs, and the reaction is essen-
tially heterogeneous. The activity of a regenerated catalyst was inspected
upon separation of the solid catalyst from a reaction mixture via filtration,
washed several times with methanol and anhydrous acetone, and dried
in an oven at 373 K overnight. The catalyst was subsequently activated
at 473 K for 4 h under air flow, and was then utilized for the above reac-
tion. The same procedure was repeated five times with negligible loss of
activity, as shown in Figure 8. The marginal loss of catalytic activity of the
sulfated catalyst in the biodiesel reaction was observed after several reuse/
cycles. The loss of catalytic activity was possibly due to (i) formation of
water molecules formed during the esterification reaction which assisted
for the deactivation of active sites. (ii) Leaching of the sulfate sites, to
negligible extent, from the catalyst in the polar alcohol medium during the
course of reaction. Thus, the sulfated mesoporous MAsZrNPs described
herein has a great potential to be a stable and highly active recyclable solid
acid catalyst in biofuel preparation.

12.3 CONCLUSIONS

In conclusion, we presented a simple and convenient synthetic method
for the fabrication of MAsZrNPs by using very fine monodisperse ZrO,
NPs through the template pathway in an acidic aqueous medium. The self-
assembly process was explained by the constructive charge interactions
among NPs with micellar aggregates. The self-assembly methodology, that
is, nanoparticle/surfactant fastening interactions, is general and could open
up a new window to other types of mesoscopic assembly of semiconduc-
tor NPs systems, as well as oxometalate cations and anions. HR TEM and
N2 sorption study results reveal the formation of large mesopores through
the arrangement of NPs. The integration of sulfate made this material an
excellent heterogeneous biodiesel catalyst for the effective conversion of
long-chain fatty acids to their methyl esters (yield ca. 100%), as shown in
Table 3. The excellent heterogeneous catalytic activity and stability could
be attributed to the high surface area and acidic sites located on the sur-
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face of the MAsZrNPs catalysts. Moreover, this material provides efficient
reusability as a catalyst in the designed reaction with negligible loss of
activity, a feature of high importance in the heterogeneous catalysis in the
face of fuel crisis and environmental concern. Catalytic significance also
confers its paramount importance to other acid-catalyzed reactions.

12.4 EXPERIMENTAL SECTION
12.4.1 CHARACTERIZATION TECHNIQUES

PXRD of the samples were obtained using a D8 Advance Bruker AXS
diffractometer operated at 18 kW and calibrated with a standard silicon
sample. An Ni-filtered Cu-Ko (A=0.15406 nm) radiation was used. TEM
images and SAED patterns were obtained using a JEOL JEM model 2100F
microscope operated at 200 kV. TEM images were obtained using a CCD
camera. SAED patterns were obtained using an image plate (IP) magazine.
The elemental composition of the sulfated mesoporous MAsZrNPs were
estimated via SEM (FESEM, JEOL model 6500). A JEOL JEM 6500 field
emission scanning electron microscope (FE-SEM) attached to an EDS and
operated at 20 keV was used to determine the elemental composition of
the sulfated mesoporous MAsZrNPs. The nitrogen adsorption/desorption
isotherms of the samples were obtained using a BELSORP36 analyzer (JP.
BEL Co., Ltd.) at 77 K. Prior to the gas adsorption/desorption measure-
ments, all the samples were degassed at 473 K for 4 h in a high-powered
vacuum. The BET specific surface area was computed using the adsorp-
tion data at a relative pressure range of P/P0 from 0.05 to 0.30. The pore
size distribution was derived from the adsorption isotherms by using the
nonlocal density functional theory (NLDFT). The total pore volume was
estimated from the amounts adsorbed at a relative pressure (P/P ) of 0.99.
The NH, temperature programmed desorption (NH,-TPD) measurements
were carried on an Autochem 2910 instrument, and a thermal conductivity
detector was used for continuous monitoring of desorbed ammonia. Prior
to TPD analysis, the sample was pretreated at 400°C for 1 h in a flow of
ultra-pure helium gas (40 ml/min), and the sample was cooled to 100°C in
the flow of ultra-pure helium gas. The pretreated sample was then saturated
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with 10% anhydrous ammonia gas (balance He, 60 ml/min) at 50°C for 2 h
and subsequently flushed with He (60 ml/min) at 100°C for 2 h to remove
the physisorbed ammonia. The heating rate of the TPD measurements,
ranging from 100°C to 700°C, was 10°C/min. 'H NMR experiments were
carried out on a Bruker Avance DRX 600 MHz (UltraShield Plus Magnet)
NMR spectrometer at an ambient temperature. The FT IR spectra of these
samples were obtained using an IR Prestige-21 spectrophotometer from
Shimadzu. The UV-visible diffuse reflectance spectra were obtained using
a Shimadzu 3150 spectrophotometer.

12.4.2 CHEMICALS

Anionic structure-directing agent sodiumdodecyl sulfate [CH,(CH,) ,OSO,Na,
SDS] and different fatty acids, such as decanoic acid, lauric acid, and oleic
acid, and methanol were purchased from Sigma-Aldrich. Zirconyl chlo-
ride (ZrOClL,.8H,0), ammonia (NH,, 28%, aqueous solution), and nitric
acid (HNO,, 60%) were obtained from Wako Chemicals. Chloroform-d
(CDCL,, 0.05% TMS (v/v) + 99.8 atom % D) was received from Isotec (a
member of Sigma-Aldrich family). All these chemicals were used without
further purification.

12.4.3 SYNTHESIS

In this study, the synthesis involves two steps. The first step describes the
synthesis of ZrO, NPs, and second step shows the fabrication of a nano-
assembly mesoscopic architecture.

12.4.4 PREPARATION OF UNIFORM
MONODISPERSE ZrO, NPs SOL

ZrO, NPs have been prepared by using suitable modification of previous
work published elsewhere. [54] Briefly, in a typical synthesis, 3.22 g (10
mmol) of zirconyl chloride (ZrOCl,. 8H,0) was dissolved in 100 mL of
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distilled water. The pH of the solution was rapidly adjusted to ca. 10 by
using an NH, solution to form hydroxide precipitates. The precipitate was
filtered and thoroughly washed with excess distilled water to remove NH,
and chloride. The precipitate was then transferred to an aqueous acidic
(HNO,) solution and was sonicated until transparent nanoparticles sol was
generated. The final pH of the solution was <1, and the generated particles
remained highly dispersible without sedimentation for a prolonged period.

12.4.5 PREPARATION OF MASZRNPS

MASZrNPs were constructed by using premade ZrO, NPs as building
blocks. In the synthetic procedure, premade ZrO, NPs (I mmol) were
added to 0.320 g (1.1 mmole) of the SDS solution in 80 mL of water with
vigorous stirring at an ambient temperature. The solution was stirred for
2 h. This solution was then stirred further in an oil bath at 353 K for 3 h
and slowly cooled to room temperature. The self-assembled nanoparticles
were separated via centrifugation and dried in a vacuum. Calcination was
carried out on the as-synthesized material by slowly increasing the tem-
perature to 873 K (1 K min"! ramping rate) followed by heating at 873
K for 5 h in the presence of air to obtain template-free MAsZrNPs. This
sample was designated as NAsZrNPs-1.

The other 3 materials were prepared by varying the molar ratio of the
precursors, such as XZrO,:YSDS:ZH,O. In all these cases X = 1, and only
Y and Z were varied. The four sets of variation were Y = 0.56, Z = 2224,
Y =0.28,Z=1112; and Y= 0.14 and Z = 556. The sample abbreviations
were NAsZrNPs-2, NAsZrNPs-3, and NAsZrNPs-4, respectively.

12.4.6 PREPARATION OF MESOSCOPIC ASSEMBLY
SULFATED ZIRCONIA NANOPARTICLES (MASSZRNPS)

The sulfonation of ZrO, NPs was carried out by treating 1.0 g of the above
prepared calcined MAsZrNPs material with 15 mL of 1 N sulfuric acid
aqueous solution, followed by calcinations in air at 833 K (2 K min-1
ramping rate) for 2 h.
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12.4.7 CATALYTIC CONDITIONS

The catalytic biodiesel reactions were carried out in a round bottom flask
fitted with a water condenser and placed in a temperature-controlled oil
bath with a magnetic stirrer. In the biodiesel reaction, different long-chain
fatty acids were esterified with low molecular weight alcohol, such as
methanol. In a typical batch, 5 mmol fatty acid was dissolved in a suitable
amount of methanol, and an amount of catalyst was added. The solution
was then placed in an oil bath at a specified temperature and was stirred
for 8 h. After completion of the reaction, the product was collected by
separating the solid catalyst via filtration. The methanol solvent was then
separated from the product mixture (filtrate) via vacuum evaporation. We
varied the catalyst amount from 3.5 wt% to 5.8 wt% depending on the
substrate, and we varied the temperature from 283 K to 323 K. Moreover,
we also varied the molar ratios of the fatty acids and methanol from 1:10
to 1:20, respectively. Methanol was used in large excess because it is used
as a reactant as well as a solvent. The product yield was calculated via
NMR spectroscopy.

12.4.8 REUSE OF THE CATALYST

At the end of the reaction, the catalyst was separated from the reaction
mixture via filtration. The catalyst was thoroughly washed with methanol
and n-hexane or acetone for several times to remove both non-polar and
polar compounds that were adsorbed on the surface and in the interior
pores of the catalysts. After washing, the catalysts were activated by heat-
ing overnight at 373 K, followed by 473 K for 4 h, and then used again
for the same reaction in identical reaction conditions. The whole process
was repeated five times for recycling experiments. Negligible loss of the
catalytic activity was observed. The reusability of the catalyst was tested
using oleic acid and MAsSZrNPs-2 as the reference fatty acid and catalyst,
respectively (Figure 8). The product yields for various cycles (Figure 8)
were very consistent, which suggests high catalytic efficiency as well as
stability of MAsSZrNPs in the biodiesel synthesis reactions.
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FIGURE 8: Product yields in various runs, upon catalyst recycling for biodiesel reaction of
long-chain fatty acid with methanol by using sulfated MAsSZrNPs-2 catalyst. Oleic acid
was used as the reference fatty acid.
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CHAPTER 13

Kinetic Study on the Cs H,

PW 0O, /Fe-SiO, I\Ianocatalyst
for Blodlesel Productlon

MOSTAFA FEYZI, LEILA NOROUZI, aNxo HAMID REZA RAFIE

13.1 INTRODUCTION

Biodiesel is a fuel composed of monoalkyl esters of long chain fatty acids
derived from renewable sources, such as vegetable oils and animal fats
[1]. Due to oxygen content, biodiesel is a clean, nontoxic, and biodegrad-
able fuel with low exhaust emissions, without the sulphur and carcinogen
content [2]. Biodiesel is prepared via reaction between triglycerides and
alcohol in the presence of a catalyst [3]. Transesterification reaction of
oil and alcohol with homogeneous catalyst is the most common method
for the preparation of biodiesel [4, 5]. However, the homogeneous cata-
lyst has many drawbacks, such as the difficulty in product separation, and
equipment corrosion requirement of large quantity of water, environmen-
tal pollution [6]. The use of heterogeneous catalysts to replace homoge-
neous ones is easily regenerated and has a less corrosive nature, leading to
safer, cheaper, and more environment-friendly operations, [7]. Currently,
the research is focused on sustainable solid acid catalysts for transesteri-

Kinetic Study on the CsXH3—X PWI12040/Fe-SiO2 Nanocatalyst for Biodiesel Production. ©
2013 Mostafa Feyzi et al. The Scientific World Journal, Volume 2013 (2013), Article ID 612712
(doi:10.1155/2013/612712). Creative Commons Attribution License (http://creativecommons.org/li-
censes/by/3.0/).
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fication reaction. In addition, it is believed that solid acid catalysts have
the strong potential than liquid acid catalyst [8]. HPW catalyst is a strong
Brensted acid, with high thermal stability and high solubility in polar sol-
vents, and it has shown to be more active in FFA esterification reactions
than mineral acid catalysts [8—12]. However, heteropolyacids have low
surface areas and high solubility in polar solvents. These features make
some difficulties in catalyst recovery and catalyst lifetime [13]. Therefore,
salts of HPAs with large single valence ions, such as Cs*, , and Ag®, have
attracted much fondness because these salts will increase in surface area
and profound changes in solubility over the parent heteropolyacid [14,
15]. HPW can be supported on several kinds of support such as SiO,, Al,
ZrO,, activated carbon, SiO-Al, and MCM-41 that SiO, is cheap, easily
available, and easily surface modifiable [16—18].

In the present kinetic study, pseudo-first-order model was applied to
correlate the experimental kinetic data of catalytic performance of the
Cs,H, , PW 0O, /Fe-SiO, for sunflower oil transesterification with metha-
nol and the main thermodynamic parameters such as the effects of tem-
perature on reaction rate, activation energy, entropy variation (AS), and
enthalpy variation (AH) were determined; moreover, the effects of tem-
perature on reaction rate and the order of reaction were assessed. Char-
acterization of catalyst was carried out by using scanning electron SEM,
XRD, FT-IR, N, adsorption-desorption measurements methods, TGA, and
DSC methods.

13.2 EXPERIMENTAL
13.2.1 FE-SIO, SUPPORT PREPARATION

All materials with analytical purity were purchased from Merck and used
without further purification. Ferric nitrate (Fe(NO,),-9H,0) and tetracthyl
orthosilicate (TEOS) were selected as the source of ferric and silica, re-
spectively. A typical procedure for the preparation of ferric-silica mixed
oxide containing 60 wt% ferric was followed. Firstly, 30mL TEOS was
mixed with certain amount anhydrous ethyl alcohol (C,H,OH). Secondly,
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35.234 gr Fe(NO,),"9H,0 was dissolved with certain amount of anhydrous
ethyl alcohol under stirring; also 30 gr of oxalic acid was dissolved in cer-
tain amount of anhydrous alcohol under stirring. In the final step, Fe and
Si sols and oxalic acid were added simultaneously into the beaker under
constant stirring to obtain a gel form. After the end of the above opera-
tions, the samples were aged for 90 min at 50°C. The obtained gel was
dried in an oven (120°C, 12h) to give a material denoted as the catalyst
precursor. Finally, the catalyst precursor was calcined at 600°C for 6h to
produce magnetic solid catalyst. The Fe-SiO, supported 12-tungstophos-
phoric acid catalyst with 4 wt.% of aqueous solution HPW (based on the
Fe-SiO, weight) were prepared by incipient wetness impregnation. The
impregnated precursor was dried at 120°C for overnight and calcined at
600°C for 6h.

Finally, the promoted catalyst by Cs was synthesized with Cs/
H,PW ,O,, = 2wt.%. The salt obtained by this procedure will be desig-

12740

nated hereinafter as Cs,H, . PW O, /Fe-SiO,, where is the amount of

protons per [PW O, ]’ anion in the salt.

13.2.2 CHARACTERIZATION OF CATALYST
13.2.2.1 N, PHYSISORPTION MEASUREMENTS

The specific surface area, total pore volume, and the mean pore diam-
eter were measured using a N, adsorption-desorption isotherm at liquid
nitrogen temperature (—196°C), using a NOVA 2200 instrument (Quanta-
chrome, USA). Prior to the adsorption-desorption measurements, all the
samples were degassed at 110°C in a N, flow for 2h to remove the mois-
ture and other adsorbates.

13.2.2.2 SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of catalyst and precursor was observed by means of an
S-360 Oxford Eng scanning electron microscopy.
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13.2.2.3 FOURIER TRANSFORM-INFRARED SPECTROSCOPY (FT-IR)

Fourier transform infrared (FT-IR) spectra of the samples were obtained
using a Bruker Vector 22 spectrometer in the region of 400—4000cm .

13.2.2.4 X-RAY DIFFRACTION (XRD)

X-ray diffraction (XRD) patterns of the catalysts were recorded on a dif-
fractometer using CuK_ radiation. The intensity data were collected over
a 20 range of 15-75.

13.2.2.5 THERMAL GRAVIMETRIC ANALYSIS (TGA) AND
DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The TGA and DSC were carried out using simultaneous thermal analyzer
(PerkinElmer) under a flow of dry air with a flow rate of 50 mLmin™'. The
temperature was raised from 20 to 700°C using a linear programmer at a
heating rate of 3°C min".

13.2.3 CATALYTIC TESTS

The type and quantity of methyl esters in the biodiesel samples were deter-
mined using gas chromatography-mass spectrometry (GC Agilent 6890N
model and Mass Agilent 5973N model) equipped with a flame ionized de-
tector (FID). A capillary column (HP-5) with column length (60 m), inner
diameter (0.25 mm), and 0.25 um film thickness was used with helium as
the carrier gas. The temperature program for the biodiesel samples started
at 50°C and ramped to 150°C at 10°Cmin'. The temperature was held at
150°C for 15 min and ramped to 280°C at 5°Cmin'. The holding time at
the final temperature (250°C) was 5 min. Also, the injector was used from
kind split/splitless.
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TABLE 1: Concentration of methyl ester (based on mole fraction) at temperatures of 60
(A), 55 (B), and 50°C (C), respectively.

Reaction Xue —In(1-X,,.)
time (s) A B C A B C
0 0.00 0.00 0.00 0.000000 0.000000 0.000000
30 0.32 0.24 0.14 0.385660 0.274437 0.150823
60 0.40 0.28 0.15 0.510826 0.328504 0.162519
90 0.42 0.34 0.24 0.590000 0.415515 0.274437
120 0.5819 0.43 0.30 0.872035 0.562119 0.356675
150 0.63 0.51 0.34 0.994252 0.713350 0.415515
180 0.70 0.57 0.38 1.203973 0.843970 0.478036
210 0.75 0.63 0.45 1.386294 0.994252 0.597837
240 0.81 0.65 0.50 1.660731 1.049822 0.693147

X,s: concentration of methyl ester.
—In(1-X,,,): triglyceride concentration.

13.2.4 KINETIC STUDIES

The transesterification of sunflower oil was carried out in a round bottomed
flask fitted with a condenser and magnetic stirring system. The reaction
system was heated to selected temperature in 50, 55, and 60°C. When the
oil reached selected temperature, methanol/oil molar ratio = 12/1 and the
catalyst amount (3 wt% related to oil weight) were added with continuous
stirring (500 rpm). After completion of the reaction time (0—240min), the
sample concentration is calculated according to mole fraction at any time.
The results can be seen in Table 1.

13.3 KINETIC MODEL

The mole fraction for the transesterification reaction was established. For
the reaction stoichiometry requires 3 Mol of methanol (M) and 1mol of
triglyceride (TG) to give 3 mol of methyl ester (ME) and 1 Mol of glycerol
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(GL). Transesterification reaction comprises three consecutive reversible
reactions, where 1 mol of ME is produced in each step and monoglyc-
erides (MG) and diglycerides (DG) are intermediate products [19]. The
kinetic model used in this work is based on the following assumptions.
(1) Firstly, k. should be considered not to depend on methanol con-
centration (due to its excess) (the reaction is considered pseudo-
first order [20, 21]).
(2) Production of intermediate species is negligible (the result reaction
is a one step).
(3) The chemical reaction occurred in the oil phase.

Based on assumption ,

—d[TG]

== k[TG][ROH]? (1)
And based on assumption ,
k' = k[ROH]?
—d[TG
—r = ;t I_ k[TG][ROH]? (2)

- InTGy — InTG = k' -t

According to the mass balance,

[TG]

Xyg =1-
ME [TG,]

[TG] = [TGO][1 - XME]

X
ﬂzk’[l_XME]_)_ln(l_XME) =k"t
dt (3)



Study on the Cs, H, , PW,,0, /Fe-SiO, Nanocatalyst for Biodiesel Production 297

0.7
0.6 \
€ o5 /\
5 7
= 04 - In
g " A
‘= 0.3 _,,.--(") |||‘] I||| I,‘
z — (a — I
o2l AN R
= 0.1 (l—ﬂ____'_/.---""__“‘“—-"-' |||I'|'-f Jx
- — — J 'u IJ'\J
0 _

0 500 1000 1500 2000 2500 3000
Wavenumber (cm™')

FIGURE 1: FT-IR spectrums of the Cs, H, , PW O, /Fe-SiO, (a), H,PW O, (b), and
Cs,H, , PW 0O, (c) nanocatalysts.
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Based on this model and the experimental data, at first we calculated
the concentration of methyl ester at different times (based on the moles
fraction). Second, the rate constants at each temperature were obtained.
Third, the preexponential factors and activation energies are obtained by
plotting the logarithm of the rate constants (k) versus 1/T of absolute tem-
perature using the Arrhenius equation and in the final stage thermody-
namic parameters were obtained such as AS and AH.

13.4 RESULTS AND DISCUSSION
13.4.1 CHARACTERIZATION OF THE CATALYST

The FT-IR spectra of H,PW ,0,, PW O, and Cs H, . PW O, /Fe-SiO,
are shown in Figure 1. The Keggin anion of HPW consists of a central
phosphorous atom tetrahedrally coordinated by four oxygen atoms and
surrounded by twelve octahedral WOG6 units that share edges and corners
in the structure.bands related to a Keggin structure (i(O—P-0) =550cm™,
indicative of the bending of the central oxygen of P-O-P; vas(W—Oe—W)
at 798 cm!, related to asymmetric stretching of tungsten with edge oxygen
in W-O-W; vas(W-OcW) = 893 cm™!, related to the asymmetric stretch-

ing of corner oxygen in W—O-W; vas(W=0) = 983 ¢cm!, indicative of the
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FIGURE 2: XRD patterns of the Cs H,PW O, /Fe-SiO, (a) and Cs HPW O, (b)
nanocatalysts.

asymmetric stretching of the terminal oxygen; and v(P-O) at 1080cm™,
assigned to asymmetric stretching of oxygen with a central phosphorous
atom) [22, 23]. HPA salts maintain their corner Keggin structure with the
addition of different amount of metallic Cs. When Cs, H, . PW O, is sup-
ported on Fe-SiO,, these bands have somewhat changed. The bands at
1080 and 890 cm™ are overlapped by the characteristic band of SiO,, while
these bands at 985 and 794 cm™! shift to 966 and 805 cm™, respectively.

The XRD pattern of Cs,H, , PW O, /Fe-SiO, catalyst was presented
in Figure 2. Supported HPA samples do not show diffraction patterns prob-
ably due to the following reasons: (i) after treatment at 500°C, the HPA
practically loses its crystalline structure, (ii) HPA species were highly dis-
persed, and (iii) the deposited amount of HPA was not big enough to be
detected by this technique [24].

The TGA-DSC experiment on the catalyst precursor has shown four
steps of mass loss (Figure 3). The first step at the temperature of 70—110°C
was attributed to the evaporation of residual moistures in the catalyst pre-
cursor and loss of physisorbed waters. The second stage (190-280°C) is
accompanying weight loss of the crystallization water expelling which is
most likely the hydrated proton. The peak around 390—460°C is due to the
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FIGURE 3: TGA and DSC curves for Cs, H, ,PW 0O, /Fe-SiO, precursor.
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decomposition of iron and Si oxalates to oxide phases. Most of weight
loss happened from 580°C to 640°C due to the phase transition and for-
mation of Fe,SiO, (cubic). The weight loss curve is involved with a total
overall weight loss of ca. 69 wt%. DSC measurement was performed in
order to provide further evidence for the presence of the various species
and evaluate their thermal behavior. As shown in Figure 3, the endother-
mic curve represents the removal of the physically adsorbed water from
the material (70—110°C). Two exothermic peaks at around 190-280°C and
390-480°C are due to the crystallization water expelling which is most
likely the hydrated proton and the decomposition of iron and Si oxalates
to oxide phases, respectively. The exothermic peak at around 580-640°C
is due to formation of iron silicate phase [25].

Figure 4 shows SEM pictures of the precursor (a) and calcined catalyst
(b). After calcination catalyst particle aggregated together and formed a
spherical shape and more uniform particles which are beneficial to the
activity and augmenting the surface of the catalyst that exhibited a large
amount of aggregates than the precursor. The measured BET surface ar-
eas are 237.5m*cm’g—1 for Cs,H, . PW 0O, /Fe-SiO, catalyst and cor-

127740
responded pore volume is 0.7672 cm®g™! obtained from analysis of the
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FIGURE 4: The SEM images of Cs,H, ,PW O, /Fe-SiO, nanocatalyst, (a) precursor and
(b) calcined catalyst.

1.8
1.6 4 ¥ = 0.0066x + 0.0836

14 | R? = 0.9908

L 7 = 0.0044x + 0.0473

=0.9918

~In(1-X)

0.4 y = 0.0027x + 0.0219
0.2 4 R* = 0.9875
0 T T T r T
0 50 100 150 200 250 300

Time (min)

FIGURE 5: Plots of —In(1-X) versus time (min) at temperatures 60, 55, and 50°C for
reaction of sunflower oil with methanol.

desorption using the BJH (Barrett-Joyner-Halenda) method. The particle
size could be calculated by Scherer-equation form XRD pattern (Figure 2).
It is clear that the catalyst particle size was in nanodimension (45nm). The
Cs,H, , PW 0O, /Fe-SiO, catalyst was characterized with SEM (Figure

12740
4). It is obvious in this figure that the crystal sizes were from 38—47 nm.
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FIGURE 7: Plot of AG(J/K mol) versus T(K) for reaction of sunflower oil with methanol.

This result confirmed the obtained results studied by using the Scherrer
equation.
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13.2 CALCULATION OF RATE CONSTANT,
ACTIVATION ENERGY, AND PREEXPONENTIAL FACTOR

Plots of —In(1-X,,,) versus (T) are given in Figure 5. Rate constant has been
calculated using Figure 5. And activation energy is calculated through the
Arrhenius equation:

— —Eq/RT
k=A, )
Ink =In4A Eq
- Ink=InA—-—
RT (5)

where (k) is the reaction constant, is the frequency or preexponential fac-
tor, E_is the activation energy of the reaction, is the gas constant, and is
the absolute temperature.

Therefore, plots of versus are given in Figure 6. Activation energy
() and preexponential factor have been calculated using Figure 6 to be
79.805kJ/mol and 8.9 x 10%kJ/mol, respectively. Based on the proposed
kinetic model, the kinetic parameters for this catalyst were determined.
The experiments demonstrate that the reactions follow first-order kinetics.
The proposed kinetic model describes the experimental results well and
the rate constants follow the Arrhenius equation.

13.3 THERMODYNAMIC PARAMETERS (AS AND AH)

Based on the definition of Gibbs energy free using (7) and using linear
plot of In keqversus 1/T which is given in Figure 7 and by using (7) the
respective values of AS and AH were calculated which are 0.0197 kJ/mol,
79.784 kJ/Kmol respectively:

AG = RT Ink,,
(6)
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AS AH

Ink, =—— ——
NWeq =2 ™ RT

(7

From the results (Table 2) of the thermodynamic parameters it can be
found that the transesterification reaction is an endothermic reaction and,
with increasing temperature, reaction rate increases. Moreover, enthalpy
and entropy change are not affected by methanol concentration due to its
excess [26].

TABLE 2: Calculated values of thermodynamic parameters.

T (K) AG (kI/K'mol) | AH&I/K-mol) | AS (KJ/mol)
323 26.83272
328 25.98118 79.784 0.0197
333 25.19303

13.5 CONCLUSIONS

The magnetic Cs,H, , PW O, /Fe-SiO, nanocatalyst was prepared for
biodiesel production. Experimental conditions were varied as follows: re-
action temperature 328-338 K, methanol/oil molar ratio = 12/1, and the
reaction time 0—240min. Thermodynamic properties such as and were
successfully determined from equilibrium constants measured at different
temperature. Activation energy (E ) and preexponential factor have been
calculated to be 79.805kJ/mol and 8.9 x 108kJ/mol, respectively. The ex-
periments demonstrate that the reactions follow first-order kinetics. Also
notably, recovery of the catalyst can be achieved easily with the help of
an external magnet in a very short time (<20 seconds) with no need for
expensive ultracentrifugation.
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