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Supercritical fluids in green chemistry

Walter Leitner and Martyn Poliakoff discuss the uses of supercritical
fluids in green chemistry.
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Sustainable polymer foaming using high pressure carbon
dioxide: a review on fundamentals, processes and
applications

Leon J. M. Jacobs,* Maartje F. Kemmere and
Jos T. F. Keurentjes

Carbon dioxide has proven to be a more sustainable alternative as a
blowing agent for the production of polymeric foams. Experimental
parameters, such as the temperature and pressure at which the polymer
is saturated with CO, and rate at which the pressure is released, controls
the foam morphology

COMMUNICATIONS

739

Enhanced debromination of brominated flame retardant g o .
plastics under microwave irradiation o ol Debromination: 18 %
Thallada Bhaskar,* Asako Hosokawa, Akinori Muto, High impact polystyrene with - conventional Pyrolysis

brominated flame retardant in :sk :#

Yasunori Tsukahara, Tomohisa Yamauchi and Yuji Wada the presence of solvent

:# :ss: Debromination: 66 %

A novel method for the debromination of high impact polystyrene with
brominated flame retardant by microwave irradiation in the presence of
triethylene glycol at 250 °C for 30 min was performed and achieved

85 wt% of debromination.

>
Microwave Pyroglsis

743

Streamlined process for the esterification and ketalization HO,,. CO.H CO,Et
of shikimic acid en route to the key precursor for . R 3<
oseltamivir phosphate (Tamiflu™) HO L L

Robert Carr, Frank Ciccone, Richard Gabel, Martin Guinn,
David Johnston, Jill Mastriona, Trevor Vandermeer and
Michael Groaning*

The chemistry described herein provides a novel means to eliminate the
use of the noxious reagent thionyl chloride and streamlining of the
process en route to Tamiflu™. This was accomplished by employing an
in situ water scavenger to force the esterification to completion.

PAPERS

746

Preparation of mesoporous polyoxometalate-tantalum
pentoxide composite catalyst and its application for
biodiesel production by esterification and transesterification

Leilei Xu, Yuanhong Wang, Xia Yang, Xiaodan Yu,
Yihang Guo* and James H. Clark*

A novel POM-containing environmentally friendly mesoporous
composite, prepared by a one-step sol-gel-hydrothermal route, exhibits
significantly high activity, selectivity, and stability towards biodiesel
production under mild conditions.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10,723-729 | 725
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P IMPa

Cellulose triacetate oligomers exhibit high solubility in
dense CO,

Lei Hong,* Matthew Fisher, Robert Enick* and
Eric Beckman

Cellulose triacetate oligomers were identified as highly CO,-soluble
compounds that can be used as building-blocks for designing novel
environmentally benign CO,-soluble surfactants and copolymers,
significantly enhancing the role of CO, in green chemistry and
engineering.

762

P (MPa)

360

370

Phase equilibria in ternary mixtures of the ionic liquid
bmim|[BF4], (S)-naproxen and CO; to determine optimum
regions for green processing

Eliane Kiihne, Sabrina Santarossa, Geert-Jan Witkamp and
Cor J. Peters*

Solid-liquid and liquid—vapour equilibria of the title system show that
CO, influences the conditions for precipitation of (S)-naproxen in
bmim[BF,] as well as the location and extension of the homogenous
liquid phase region.

767

R?

R?

Studies on the solvent-free and waste-free Knoevenagel
condensation

Ronald Trotzki, Markus M. Hoffmann and Bernd
Ondruschka*

The mechanochemical reaction of malononitrile with various aldehydes
was studied with the goal to achieve quantitative stoichiometric
conversion of the reactants to their corresponding
benzylidene-malononitriles in absence of any solvents and catalysts.

773

Millisecond autothermal steam reforming of cellulose for
synthetic biofuels by reactive flash volatilization

Joshua L. Colby, Paul J. Dauenhauer and
Lanny D. Schmidt*

Integration of devolatilization, catalytic gas cleaning, and
water-gas-shift of crystalline cellulose over a Rh-based heterogeneous
catalyst permits conversion to synthesis gas for synthetic biofuels within
a single, authothermal reactor at millisecond time-scales.

726 | Green Chem., 2008, 10,723-729
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Mixture effects and predictability of combination effects of
imidazolium based ionic liquids as well as imidazolium
based ionic liquids and cadmium on terrestrial plants
(Triticum aestivum) and limnic green algae (Scenedesmus
vacuolatus)

Marianne Matzke,* Stefan Stolte, Andrea Boschen and
Juliane Filser

This study investigates the effects of three differently composed mixtures
containing ionic liquids as well as ionic liquids and the heavy metal
cadmium on limnic green algae and wheat.

793

Mild catalytic oxidation of secondary and tertiary amines
to nitrones and N-oxides with H, O, mediated by Pt(11)
catalysts

Marco Colladon, Alessandro Scarso and Giorgio Strukul*

Environmentally benign hydrogen peroxide oxidizes tertiary and
secondary amines under mild conditions and with medium to excellent
yields in the presence of bridging hydroxo complexes of Pt(1) as catalysts.

o
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799

Catalytic dehydration of fructose into
5-hydroxymethylfurfural by ion-exchange resin in
mixed-aqueous system by microwave heating

Xinhua Qi, Masaru Watanabe,* Taku M. Aida and
Richard Lee Smith, Jr.*

Catalytic dehydration of fructose into 5-hydroxymethylfurfural was
studied in acetone-water mixtures in the presence of a cation exchange
resin catalyst.

HO o OH Ton-exchange Resin,
m Microwave Heating
H oH - >
OH H 150 °C, 10 min, 73.4 % yield
Fructose

5-HMF

806
Catalytic activity of laccases in aqueous solutions of ionic
liquids

Stepan Shipovskov, H. Q. Nimal Gunaratne, Kenneth R.
Seddon and Gill Stephens*

Laccase activity increases up to two-fold in mixtures of [bmim]Br or
[bmim][N(CN),] with water.
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NASA scientists have developed
anew microfluidic system that is
tough enough to be used in outer
space.

Peter Willis at the NASA Jet
Propulsion Laboratory, Pasadena,
US, and colleagues have created
alab-on-a-chip that they claim
can survive the extremes of the
European ExoMars rover mission
scheduled for launch in 2013. The
device could detect molecules
essential for life, such as amino
acids, they say.

It probably won’t find any little
green men but the ExoMars rover
is designed to collect and analyse
Martian mineral samples to look
for evidence of life. The mission
will take two years to reach Mars,
with temperatures varying from
minus to plus 50 degrees Celsius,
so new materials are needed to
survive these stresses.

Willis explains that the new
system’s strength results from its
layers of glass and an elastomer
called perfluoropolyether. ‘It does
not degrade when exposed to
non-aqueous solvent nor do the

environmental science

©The Royal Society of Chemistry 2008

The ExoMars rover will collect and analyse Martian mineral
samples for signs of life

hemical Technology

Microfluidic device is designed to survive the extremes of space exploration

Lab-on-a-chiplooks for life on Mars

elastomer-glass interfaces seal shut
if left dormant for long periods of
time, as typically happens with
microfluidic valves,” he says. The
team used the chip extensively
atarange of temperatures and
found that its performance was
unaffected afterwards. The
group now plan to check that the
electrical characteristics of the
devices do not change over time
before working to make the system
function unaided by humans.

As 2013 approaches, scientists
can only speculate as to what
the ExoMars rover will discover.
As Jessica Malin, director of the
Stanford Microfluidics Foundry,
US, says: ‘It will be exciting to
see what scientific findings may
result.” But with the help of his
device, if there is evidence of life
on Mars, past or present, Willis is
confident that the ExoMars rover
will find it.
Laura Howes

Reference
P A Willis et al, Lab Chip, 2008, DOI: 10.1039/
b804265a

An eye for drug delivery

The Analyst
Refillable device dispenses medicine through a tube into the eye S_nave

Glowing response to explosive detection
Fluorescent polymer identifies explosive particles

Lab on a Chip

NV %

Instant insight: Solar energy turns organic

Hiroshi Imahori and Tomokazu Umeyama explain why carbon

o . . 5 Energy & Journal ol
nanotubes are promising candidates for organic solar cells

ournal of
Environmental Science Materials Chemistry

Interview: Environmental impact
Jeff Tester talks to James Hodge about the importance of
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Application highlights

Scientists have used skin patches to
investigate the biochemical profile of
aperson’s body odour.

Information contained in skin
odour may be used to diagnose,
manage and assess diseases such
as cancer, according to a team of
scientists headed by Paul Thomas at
Loughborough University, UK.

The team collected chemicals
called volatile organic compounds
(VOCs) from patients’ skin using a
patch made from a siloxane polymer.
The group recovered the compounds
adsorbed on the patch using thermal
desorption, which uses heat to turn
the VOCs into gases, and detected
them using gas chromatography-
mass spectrometry.

VOCs, the type of compound
most likely to have an odour, are a
beautiful area to research says co-
worker Svetlana Riazanskaia from
the University of Manchester, UK.
‘Identifying specific VOCs could
open anew non-invasive window
into metabolic profiling of skin and
illustrate how these profiles are
altered in disease. At present, the

Body odour indicates state of health

Disease detectionis skindeep

The skin patch collects compounds from body odour. The presence of

certain compounds could indicate disease.

standard diagnostic tool for skin
cancer is tissue biopsy, which is
highly invasive, time-consuming and,
most importantly, may be needless,’
she says.

According to Ian Wilson, an
expertin pharmaceutical analysis
at AstraZeneca, Macclesfield, UK,
VOCs can provide a great deal of
important biochemical information
about an individual’s health. ‘This is
avery interesting innovation in the
analysis of skin volatiles and may
provide useful insights into a whole
range of conditions, he says.

‘It has definite potential in both
hospitals and doctor’s offices,’
comments Riazanskaia. ‘It provides
an opportunity for much earlier,
easier and stress-free detection of
biomarkers for human disorders. It
also could be used in patients from
whom itis difficult to collect blood,
such as haemophiliacs or babies. This
is too attractive to ignore.’

Sarah Corcoran

Reference
S Riazanskaia et al, Analyst, 2008, DOI:
10.1039/b802515k

UK scientists have discovered
why combining two different fuel
cell technologies can boost cell
performance.

Direct carbon fuel cells run on
solid carbon fuel and typically use
solid oxide or molten carbonate
electrolytes to transport ions
between the electrodes. John Irvine
atthe University of St Andrews and
colleagues made a hybrid direct
carbon fuel cell containing both
types of electrolyte. They found
that the binary electrolyte system
enhanced carbon oxidation because
carbon was oxidised not only on
the electrode surface but also in the
carbon-electrolyte slurry.

Dianxue Cao, an expert in
direct carbon fuel cells at Harbin
Engineering University, China,
isimpressed by the findings.

“This significantly improves

T50 Chem. Technol.,2008,5, T49-T56

Au wire

\

Carbon & carbonate
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Alumina tube

Solid oxide

Ceramic paste
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Cathode ="
Au mesh

understanding of the electrochemical
oxidation of solid carbon in molten
carbonates, he says.

The fuel cell combines
two electrolytes to
improve oxidation of the
carbon fuel

Oxidation of carbon in molten electrolyte is key to enhanced performance

Hybrid fuel cells show improved efficiency

Solid carbon, which comes from
various sources such as coal or
plants, packs alot of energy into a
small volume, making it an attractive
fuel. Irvine states that coal will be
amajor energy source in the future
but, unless it can be converted
into electricity more efficiently,
willlead to an increase in carbon
dioxide emissions. Fuel cells could
be the answer, he says. ‘Carbon fuel
cells offer very high efficiency of
conversion and, ifimplemented in
the correct way, can yield two to
three times the amount of energy for
agiven amount of coal compared to
conventional thermal generation,’
he explains.

Madelaine Chapman

Reference
Y Nabae et al, Energy Environ. Sci., 2008,
DOI:10.1039/b804785¢e

©The Royal Society of Chemistry 2008
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Patients with glaucoma and related
eye diseases could soon be treated
with arefillable drug delivery device,
replacing the need for injections into
the eyeball. Ellis Meng and colleagues
at the University of Southern
California, Los Angeles, US, have
made a simple polymer device that
attaches to the eye and delivers drugs
to the site of disease via a flexible tube
inserted into the side of the eye.

“This work came out of discussions
with a retinal surgeon,’ says Meng.
‘He has days where patients line up to
have injections into their eye because
there’s alack of good drug delivery
mechanisms for diseases that lead to
blindness.’

The team showed their device,
which is about one centimetre
long, could be refilled repeatedly by
piercing it using a syringe needle,
without it developing aleak. Once
attached to the eye, pressing the drug

Refillable
Reservoir

reservoir dispenses the treatment
through the delivery tube into the
relevant part of the eye. Similar tubes
are already used to drain excess fluid
from the eyes of glaucoma patients,
Meng adds.

Conjunctiva

Pressing the refillable
reservoir delivers drugs
into the eye

Reference
R Lo et al., Lab Chip, 2008,
DOI: 10.1039/b804690e

Refillable device dispenses medicine through a tube into the eye

Aneye for drugdelivery

Susan Barker studies drug delivery
devices for the eye at the University of
East Anglia, Norwich, UK, and agrees
that the device would be less invasive
than current alternatives. “This looks
quite nice - the drug is effectively
delivered into the side of the eye
rather than an injection from the
front. But manually dispensing the
drug might not give a consistent dose
and the device is quite large. Would
the patientbe able to feel it?’

Meng says she plans to address
these issues. ‘This prototype isn’t
optimally sized; it’s our first go at
proving the concept,’ she explains.
‘We’re now building a next-
generation device, which won’t have
square corners but will be rounded
and contoured.” The next device
will also be powered by a simple
electrolysis pump to deliver accurate
doses of the drug.

James Mitchell Crow

Explosives can now be detected
at picogram levels thanks to a
polymer developed by scientists in
the US.

William Trogler and his team
atthe University of California,
San Diego, made a silafluorene-
fluorene copolymer to identify
nitrogen-containing explosives.
Ttisthe first of its kind to act as a
switchable sensor with picogram
detection limits.

Trogler’s polymer can detect at
much lower levels because, unlike

©The Royal Society of Chemistry 2008

existing systems, it detects particles
instead of explosive vapours. Trogler
sprayed the polymer solution over
the testarea, letit dry then shined
UV light on it. Spots of explosive
quench the fluorescent polymer and
turn blue.

The polymer is able to show
the difference between nitrate
esters, such as trinitroglycerin, and
nitroaromatic explosives, such as
TNT. Initially, polymer-treated
spots of both compounds appear
blue under UV light but after further

Fluorescent polymer identifies explosive particles

Glowingresponse to explosive detection

Polymer-treated spots of
explosive glow different
colours under UV light
depending on the type of
explosive

Reference

J C Sanchez and W C Trogler,
J. Mater. Chem., 2008, DOI:
10.1039/b802623h

exposure, the trinitroglycerin spot
fluoresces green-yellow while

the TNT spot remains blue. This
colour change is thought to be due
to photooxidation of the fluorenyl
groups of the polymer.

Trogler was surprised to find that
addinga spirofluorene
co-monomer gave the polymer a 100
per cent efficient conversion of UV
light into fluorescence, describing
this increase as dramatic. ‘From a
technology perspective, the most
surprising thing was the ability
to use photochemistry to attain a
reasonably chemospecific turn-on
sensor,” he says. The technology is
now being produced commercially
by RedXDefense, a security
company based in the US, and has
even been featured in an episode of
the television program CSI: Miami.

The team are currently working
on asimilar system to detect
peroxide-based explosives and say
they hope to be able to investigate
perchlorates and organic nitrates
too. Sylvia Pegg

Chem. Technol.,2008,5, T49-T56 T51
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High pressure cocrystals show unexpected properties

Drugs under pressure

The properties

of drugs can be \6/
improved by using £\
high pressure to A ¥

make different
crystalline forms, claim
UK scientists.

Tain Oswald and Colin
Pulham at the University
of Edinburgh studied
the cocrystallisation of
paracetamol and piperazine
under high pressure.

They observed
unexpected structural
properties, such as
unusually short hydrogen
bonds, which disappeared
when they reduced the
pressure.

Cocrystallisation involves
combining two or more molecules
to form new crystals. Itis a
useful tool in the pharmaceutical
industry because the new crystals
can show improved properties
over the individual crystals, such
as solubility and stability. Until
now, however, cocrystallisation of
pharmaceuticals at high pressure
has not been studied.

Oswald explains that

interactions between f _
molecules at high pressure ‘,-" \
are poorly understood, '
making it difficult

to predict a crystal’s
properties. He says he
hopes that analysing
the structures of cocrystals at

Unusually short

high pressure will provide some hydrogen bonds form
insight. “The method will notonly  hetween paracetamol
increase our understanding of the  and piperazine in the
organic solid state at pressure but  cocrystal

it will also provide the cocrystal
community with an extra

dimension in materials discovery,’
says Oswald.
Andrew Bond, an
| expertin solid state
structure interactions at

- the University of Southern

f Denmark, Odense,

finds the work exciting. ‘It
; allows the forces between
' molecules in condensed

phases to be perturbed

and new crystallisation
outcomes observed,” he
commented.

Oswald and Pulham
plan to investigate
other cocrystals
under pressure to
find structures that
are also stable at

atmospheric pressure.

They will also use larger
pressure chambers to produce
bulk quantities of material. ‘This
will allow the industrial viability
of crystals to be assessed under
ambient conditions,” says Oswald.
Harriet Brewerton

Reference
| D H Oswald, and C R Pulham, Cryst. Eng.
Comm., 2008, DOI: 10.1039/B805591B

Nanoscale transistors made from
silicon nanowires can detecta
bacterial toxin responsible for
the most common form of food
poisoning, claim US scientists.
Nirankar Mishra and his team
at the University of Idaho, Post
Falls, used nanolithography, a
process that patterns nanometre-
sized structures, to make silicon
nanowires. They connected the
ends of the wires to gold terminals
to form a transistor. By coating
the surface of the transistor with
an antibody, the team were able
to detect the toxin Staphylococcus
aureus Enterotoxin B (SEB), which
formed a complex with the antibody
and altered the electric current
through the transistor.

T52 Chem. Tech.,2008,5, T49-T56

Biodetector could identify contaminated food

Electronic sensor for bad bacteria
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The toxin forms a
complex with the
antibody coating on the
surface of the transistor

Mishra says he hopes that
the transistors, known as field
effect transistors, will one day
be integrated into hand-held
electronic devices for detecting
different types of toxins.
‘Research into nanodevices
has enormous potential in the
diagnostics world,” he says.

‘Using field effect transistors

for biodetection could enable
highly sensitive and cost-effective
devices to be produced.’
Katherine Davies

Reference
N M Mishra et al, Lab Chip, 2008, 8, 868 (DOI:
10.1039/b802036a)
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Interview

Jefferson Tester is the

H P Meissner Professor of
Chemical Engineering at
Massachusetts Institute of
Technology, Cambridge, US.
He is known for his work on
various aspects of chemical
and energy engineering. Jeff
is on the editorial board of the
RSC’s new journal, Energy &
Environmental Science.
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Welcome to the editorial board of Energy &
Environmental Science (EES). Why is this journal
going to be so important?

The interface between energy and environmental
science is crucial as we move forward. The most
interesting and important work is taking place

at the intersection between several disciplines.
Green Chemistry started for exactly the same
reason — there was a lot of work going on that was
very ‘interfacial’ and multi-disciplinary.

When you were a student, which inspiring
environmental scientists did you look up to?

When I was studying for my PhD, there wasn’t
such an emphasis on global change as there is
now. We concentrated on local issues associated
with chemical effluents. I'm a chemical engineer
- alotof the formal training I had was to do with
improving separations and improving yield and
processes. Rachel Carson (and others like her)
setus on a new path with respect to the influence
of chemicals in the environment and how they
can change ecosystems. Mario Molina and his
co-workers did alot of important work on CFCs
and their effect on ozone depletion in the upper
atmosphere but it took a long time for their
enormous contribution to be recognised with a
Nobel prize. The underlying research represents
a great example of fundamental science with a
specific application to sustainability — the kind
we’d like to get into EES at an early stage.

How has environmental science (and the awareness
of environmental issues) changed throughout the
course of your career?

Certainly, science and engineering science have
changed focus a lot; problems that we couldn’t
even imagine during the early part of my own
professional life are now front-and-centre.
Carbon capture, sequestration and storage of
CO, in the ground and ocean are good examples
of enabling technologies to allow us to make a
transition to a more sustainable energy supply
system. In the 1970s, the focus was on injecting
CO, into oil reservoirs to increase production. It
wasn’t a climate change driven initiative.

Our view of resources in general has changed
too. Now we’re seeing serious efforts to build zero
net energy buildings and commercial buildings
that are much more sustainable in terms of indoor
air quality, lower energy use with very efficient
heating, air conditioning and lighting systems.

Environmental impact

Jeff Tester talks to James Hodge about the importance of environmental science

Do you feel that the US government is doing enough
to support energy science?

In the past 20 years, energy science has been
short-changed in America. Some may argue with
this, but I know that in many areas — particularly
fundamental research in earth sciences
necessary for geothermal energy extraction

- basic materials science for solar technology
and fundamental research on wind and biomass
energy have not been as active as they could

be. Clearly, that’s changing now though. The
Department of Energy and the US Department of
Agriculture are ‘re-tooling.” Maybe by this time
nextyear, an editorial will appear in EES to say
that we’re pleased to report there’s alot more
governmental support for energy.

Are scientists doing enough to help governments to
make those important decisions?
Well, in the US, the answer is clearly no. The
scientific community needs to be much more
involved in government to inform policy makers
of the need to transform our energy system.
Our country would benefit if more senators and
representatives had formal scientific training.
More needs to be done but at least there has
been a change of direction. For example, this past
year, I and other scientists have been invited to
testify to Congress on a number of energy issues.
Some of us are sceptical whether this increased
level of government interest in energy is being
driven by fear of running out of oil rather than
centred on a true commitment to long term
sustainability.

Which chemical technologies show the most promise
for the future in energy and environmental science?
Well, 'm working on hydrothermal
transformative chemistry in high pressure

water and CO,. Researchers are giving a

lot of attention (and rightfully so) to doing
biochemical transformations to make biofuels,
but they tend to be extremely selective reactions.
Alot of the available potential feedstocks are
chemically complex mixtures like industrial,
municipal and agricultural wastes. These are not
amenable to straight biological transformation.

1 favour a two-fold approach: we could use
hydrothermal methods to get partial chemical
conversion and decomposition and then use
biological techniques to operate on simpler
molecules.

Chem. Technol., 2008, 5, T49-T56 T53
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Cheap and efficient conversion of
solar energy into electricity could
help combat global warming and the
shortage of fossil fuels. However, the
high production cost of electricity
from silicon-based solar cells has
limited the use of the technology.
Low cost solar cells with high cell
performance are highly desirable
and organic solar cells could be the
answer. They are easy to make from
inexpensive organic materials and,
unlike inorganic solar cells, are
lightweight, flexible and colourful.
Light absorption by organic solar
cellsleads to an excitation state
known as an exciton or electron-
hole pair. The electrons and holes
are separated from each other and
carried through donor and acceptor
molecules to the electrodes,
generating a photocurrent.
This process of converting light
directly into electricity is known
as photovoltaics and it must be
optimised for organic solar cells
to be efficient. Much effort has
been devoted to finding suitable
donor and acceptor molecules and
organising them on an electrode
surface at the nanometre scale.
Fullerenes and their derivatives
have been widely used as excellent
acceptor molecules. More recently,
carbon nanotubes (CNTs), which
have a similar carbon-based
structure, have attracted much
attention. In contrast to the
spherical shape of fullerenes, CNTs
have a one dimensional, wire-like
structure, which makes them
better at forming electron- or hole-
transporting highways in the cell.
Their large surface area enhances
the separation of the electron-hole
pair and they show conductivity
several times greater than that of
conducting polymers. Also, CNTs

©The Royal Society of Chemistry 2008

can act as both electron donors and
acceptors depending on the redox
properties of the other component
in the cell. All of these features make
CNTs promising candidates for
charge separation and transport in
organic solar cells.

A number of scientists have made
photoelectrochemical devices
or photovoltaic cells with CNT-
modified electrodes. They have
used a variety of methods, including
layer-by-layer deposition and
spray-coating, to organise the CNTs
with suitable donor or acceptor
molecules on electrode surfaces.
At present, however, the energy
conversion efficiency of CNT-
modified electrodes has yet to reach
the levels of high performance dye-
sensitised solar cells - which use
porous, nanocrystalline titanium
dioxide electrodes sensitised
with ruthenium dyes - or bulk
heterojunction solar cells, which

Carbon nanotubes’
wire-like structures
help them form charge-
transporting highways in
organic solar cells

Reference

H Imahori and T Umeyama,
Energy Environ. Sci., 2008,
DOI:10.1039/b805419n

Solar energy turnsorganic

Hiroshi Imahori and Tomokazu Umeyama explain why carbon nanotubes are
promising candidates for organic solar cells

use conjugated polymers and
functionalised fullerenes.

Currently, itis difficult to
synthesise pure CNTs with a
consistent, defect-free structure.

To improve CNT-based solar cells,
scientists may have to purify or sort
out the CNTs with the best structure
for charge transport. Alternatively,
afascinating approach is to use
CNTs as nanoscaffolds for donor

or acceptor molecules to construct
charge-transporting highways.

The history of CNT-based organic
solar cells is less than 10 years old.

A great deal of work still has to be
done to bring out their full potential
for solar energy conversion.

Read Hiroshi Imahori and Tomokazu
Umeyama’s Feature Article ‘Carbon
Nanotube-Modified Electrodes

for Solar Energy Conversion’in
aforthcomingissue of Energy &
Environmental Science.

Chem. Technol., 2008, 5, T49-T56 T55
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RSC Publishing is
settoincrease its
journal portfolio
from 2009 following
announcement of the
launch of two new
RSCjournals. A press
release on June 12th
confirmed that two
interdisciplinary titles,
Integrative Biology and
Metallomics, will both
publish their first issue in
January 2009.
Integrative Biology will
provide a unique venue for
research that leads to a greater
understanding of biological
processes and mechanisms.
A highly interdisciplinary
journal, it will focus on
quantitative multi-scale biology
using enabling technologies and
tools to exploit the convergence
of biology with physics,
chemistry, engineering, imaging
and informatics. The editorial
board chair for this prestigious
new journal will be Mina Bissell
from Lawrence Berkeley National
Laboratory, US.

Metallomics will cover
the research fields related to
metals in biological systems
and is expected to be the core
publication for the emerging
metallomics community.
Metallomics is receiving great
attention as a new frontier
of trace elements in biology
and is expected to develop as
an interdisciplinary science
complementary to genomics and
proteomics. Joseph Caruso of the
University of Cincinnati/Agilent
Technologies Metallomics
Center of the Americas and a
leading player in this emerging

Expandingthe chemical sciences

field, will chair the
editorial board of this
timely new journal.
RSC Publishing
boasts an
accomplished
record in launching
new products. With
Integrative Biology
and Metallomics set to
follow in the footsteps
of success stories
like Soft Matter and
Molecular BioSystems,
RSC Publishing again
reinforces its position as
aworld-class scientific
publisher.

From launch, the latest
issues of both Integrative
Biology and Metallomics will
be made freely available to
all readers via the website.
Free institutional access
to all issues of each journal
published in 2009 and 2010
will be available following a
simple registration process.

Watch www.rsc.org/journals
for all the latest news

Scientists wanting to access the
latest research linking all aspects
of the chemical sciences relating
to energy conversion and storage,
alternative fuel technologies and
environmental science have a
new resource at their disposal.
The first Advance Articles for
Energy & Environmental Science,
the latest journal from RSC
Publishing, are now available.

Takingtothe global stage

The publication of the journal’s
firstissue is anticipated shortly,
and will be freely available
online.

Enthusiastically welcomed
by the community, the first
issue will demonstrate the
range of subjects included in the
scope: from new insights into
photovoltaics to the synthesis
of important new hydrogen

storage materials; from exciting
new developments in hydrogen
production from biomass to
global climate change; from
artificial photosynthesis to fuel
cells; and from environmental
catalysis to nanostructured
materials for energy applications
—theyare all included.

Read the first articles on the
website: www.rsc.org/ees

Molecules of
Murder

This fascinating new book

by John Emsley, due for
publication in August 2008, is
about infamous murderers and
famous victims! It includes the
stories of people such as Harold
Shipman, Alexander Litvinenko,
Adelaide Bartlett and Georgi
Markov and takes the reader on
ajourney of discovery into the
world of poisons. Few books on
poisons analyse these crimes
from the viewpoint of the poison
itself, and doing so throws a new
light on how the murders or
attempted murders were carried
out and ultimately how the
perpetrators were uncovered
and brought to justice. Molecules
of Murder looks at how forensic
chemists have developed
cunning ways to detect minute
traces of dangerous substances,
and why some of these poisons
are now being researched as
possible life-savers!

John Emsley is a great science
communicator. His entertaining
books have contributed to the
advancement of a positive
awareness of science. In 2004
John was elected as an honorary
member of The Society of
Chemical Industry (SCI) in
recognition of a lifetime of
achievement and contributions
to chemistry. He has written
numerous popular science
books and articles.

For more information on
this exciting book and other
forthcoming RSC Publishing
titles please visit
www.rsc.org/books
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EDITORIAL
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www.rsc.org/greenchem | Green Chemistry

Supercritical fluids in green chemistry

DOI: 10.1039/b809498p

The use of supercritical fluids is of-
ten highlighted as an important strategy
within green chemistry to replace volatile
organic compounds, VOCs, and to enable
new, clean technologies. The now classic
examples of natural product extraction
have been practised in industry for more
than twenty years on various scales.' In
many of these cases, supercritical CO,,
scCO,, penetrates into a solid substrate to
remove a desired product or an unwanted
component or impurity. In chemical re-
actions, scCO, is used as a solvent for
reagents and/or catalysts to facilitate their
intimate contact.? These and many more
applications rely on the solvent power of
scCO, and hence exploit in particular the
liquid like properties of scCO,.

There are, however, also a number of
application where the supercritical phase
is used mainly because of its properties
of a compressed gas phase. Among these
applications are processes involving poly-
meric materials, where the sorption of the

compressed gas within the polymer matrix
leads to a reduction in the temperatures
of the glass transition or melting point.
Possible applications of this basic phe-
nomena are found in polymer processing,
purification, or coating processes. If the
gas phase is released very rapidly from the
polymer matrix, foaming occurs allowing
generation of polymer architectures and
materials ranging from bulk to highly
specialised products.

The review by Jacobs, Kemmere and
Keurentjes in this issue of Green Chemistry
(L. J. M. Jacobs, M. F. Kemmere
and J. T. F. Keurentjes, Green Chem.,
2008, DOI: 10.1039/b801895b) provides
an overview of the state of the art for
this area of supercritical fluid research
and application. It is interesting to note
that the green chemistry aspect of these
methods is in fact wider than the actual
replacement of undesired VOCs by CO,
within the process. The materials obtained
can display favourable properties, such as

enhanced stability or insulation properties
at reduced mass. New applications for
biodegradable or bio-based polymers can
be envisaged if porous materials can be ac-
cessed from them in a controlled manner.
In general, the integration of process
and product design is an important target
for green chemistry, although we have
to admit that there is still some way to
go before we can really talk about a
“designer” process in this context. The
10th anniversary of the launch of this
journal is certainly a timely opportunity to
encourage further steps in that direction.

Walter Leitner
Martyn Poliakoff
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Sustainable polymer foaming using high pressure carbon dioxide: a review
on fundamentals, processes and applications
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In recent years, carbon dioxide (CO,) has proven to be an environmentally friendly foaming agent
for the production of polymeric foams. Until now, extrusion is used to scale-up the CO,-based
foaming process. Once the production of large foamed blocks is also possible using the CO,-based
foaming process, it has the potential to completely replace the currently used foam production
process, thus making the world-wide foam production more sustainable. This review focuses on the
polymer—CO,-foaming process, by first addressing the principles of the process, followed by an
overview of papers on nucleation and cell growth of CO, in polymers. The last part will focus on
application of the process for various purposes, including bulk polymer foaming, the production of

bioscaffolds and polymer blends.

1. Introduction

The discovery of Bakelite' followed by the mass production
of synthetic polymers a few decades later has had a major
impact on today’s society. By the end of the 20th century
plastics had become one of the most important construction
materials for consumer goods. The highly viscous nature of
polymers brought about processing difficulties which led to
the development of plasticization technology. From plasticizing
agent to blowing agent is only a small step, and this resulted in
the discovery and the large scale production of polymeric foams.
Due to the increasing demand for light weight, insulating, shock
and sound absorbing materials, the production and variety of
polymeric foams has increased dramatically and has become a
very important part of the annual polymer production.

One of the most commonly used production processes for
polymeric foams is the so-called thermally induced phase
separation (TIPS) process, where the foaming agent, which
is dissolved in the polymer, induces a phase separation upon
heating, followed by nucleation and cell growth. The foaming
agent is usually a low boiling organic liquid, such as pentane
and hydrochlorofluorocarbons (HCFCs), which is dissolved into
the polymer at concentrations of about 7 wt%. Foaming via
the TIPS process usually takes place in two steps. In the first
step, polymer pellets with blowing agent are partly foamed with
steam. These foamed pellets are then transferred into a mold
and exposed to steam again, resulting in further foaming of the
pellets. Due to the expansion, the pellets stick together and take
the shape of the mold. This makes it relatively easy to produce
large blocks of foamed material, which can then be cut into any
shape. Furthermore, the density of the produced block can easily
be controlled by the amount of partly foamed pellets added to
the mold.

Process Development Group, Department of Chemical Engineering and
Chemistry, Eindhoven University of Technology, P.O. Box 513, 5600

M B, Eindhoven, The Netherlands. E-mail: [.j.m.jacobs@tue.nl; Fax: +31
40 2446104, Tel: +31 40 2472884

A variation on the TIPS process is dissolving the polymer in
a solvent at elevated temperatures, after which a temperature
quench will induce a phase separation. Removal of the solvent
results in the polymeric foam.>* Next to the TIPS process, several
other methods of preparing polymeric foams are available
(Fig. 1). One of these methods involves foaming by means of a
chemical foaming agent (CFA). The CFA is a thermally unstable
component, which is added to the polymer. Upon heating the
CFA decomposes into gaseous components, resulting in the
desired foam. The gaseous CFA can also be formed by reaction
of two polymeric components, which is the case in polyurethane
(PUR) foams.>*

| Polymeric foams

C‘astillg & Car ‘ TIPS ‘ CFA's
leaching
I

I l |

|Nilrugcn | scCO, Rest

Fig. 1 Schematic overview of methods for preparing polymeric foams.

Polymeric foams can also be produced by casting and
leaching. This method consists of dissolving the polymer in
a highly volatile solvent and casting the solution into a mold
containing a solid porogen. The porogen is usually a water
soluble salt, such as NaCl or KCI, which is washed out after
the solvent has evaporated, leaving a highly porous polymeric
structure. The advantage of this method is that the pore size and
morphology can be controlled by the size and distribution of the
porogen and the amount added.”™

The main problem with the above mentioned methods is,
however, that they either lead to unwanted contaminations in the
polymeric foams, such as residual solvents and salts, or lead to
the emission of harmful substances, which cannot be recovered.
For example, the European expandable polystyrene demand for
2002 was 3 million tons and is expected to grow to a demand of
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approximately 3.7 million tons in 2010." Since 7 wt% of blowing
agent is used for foam production, this will result in an estimated
emission of 256 thousand tons of low boiling organic liquids in
2010 in Europe alone. Problems concerning the environment
and the need for environmentally benign foaming agents have
triggered researchers to start working on this topic. Universities
as well as industry are focusing their research on developing
“greener” foaming processes using a non-toxic foaming agent.
Despite the fact that companies have come up with the idea of
an extrusion process using gases such as nitrogen and carbon
dioxide as a blowing agent some time ago,"" only in the early
nineties were the first articles on foaming of polymers using gases
published.’® Although nitrogen can be used as a blowing agent
in the polymer foaming process,'*'” most publications on this
topic address the foaming of polymers using carbon dioxide,
because carbon dioxide also affects other polymer properties,
thereby enhancing the processability of the polymer.®* However,
both nitrogen and carbon dioxide (CO,) are considered to be
sustainable alternatives for the replacement of the currently used
blowing agents.

Because the foaming of polymers using CO, has been a
‘hot topic’ and most probably will be for some time, here
we review the most relevant literature on the polymer—CO,-
foaming process. First, the principles of the polymer—CO,
foaming process are addressed, followed by a short overview
of papers addressing the nucleation of CO, in polymers. Batch
and continuous foaming processes will be discussed, after which
the foamability of bio-based and synthetic polymers will be
addressed. The last part of this review will focus on applications,
such as bulk polymer foaming, bioscaffolds and polymer blends.
Finally, conclusions and a future outlook will be given.

2. The CO,-foaming process

The CO,-based foaming process can roughly be divided into
two steps. In the first step, the polymer is saturated with CO,,
which is followed by an expansion step. Both steps, together with
some important foaming parameters are schematically depicted
in Fig. 2. During saturation of the polymer the glass transition
temperature (7',) will decrease and the polymer is plasticized.
This means that the 7', of the polymer decreases to a value
below the temperature at which the polymer is saturated (i.e.
the saturation temperature). The T, is the temperature at which
the polymer matrix becomes brittle upon cooling, or soft upon

Fig.2 Schematic representation of the CO,-foaming process.

heating. The state below T, is called the glassy state and the state
above T, is called the rubbery state. Above T',, polymers are
capable of plastic deformation without fracture.” Furthermore,
the polymer matrix will swell and the viscosity of the polymer
decreases, allowing processing of the polymer—CO, mixture at
lower temperatures. The diffusivity inside the polymer is also
enhanced, enabling the use of CO, as a medium to add additives
to the polymer matrix. The type of polymer, together with the
applied pressure and temperature determine to a large extent the
amount of CO, that can be dissolved in the polymer.

Once the polymer is saturated, a rapid decrease in pressure
will induce a shift in the thermodynamic equilibrium, leading to
an oversaturation of CO, in the polymer. However, this does not
necessarily lead to nucleation and cell growth. If the temperature
at which the polymer has been saturated is relatively low, the
polymer can still be in the glassy state, because 7', has not been
sufficiently depressed by the sorption of CO,. Therefore, phase
separation and nucleation will only occur once the saturated
sample is heated to a temperature above the glass transition
temperature. This will lead to cell growth and the final formation
of the polymeric foam. Below the glass transition temperature,
foaming cannot occur, because the polymer matrix is too rigid.
If the saturation temperature is high enough and the polymer—
CO, mixture is in the rubbery state due to sufficient depression of
T, phase separation and nucleation will occur instantaneously
upon depressurization. Cell growth will stop once the polymer
matrix returns to the glassy state, either due to a decrease
in temperature or a decrease in the CO, concentration in the
polymer and the polymer is no longer plasticized.

The gas phase can separate from the polymer phase by
two mechanisms. If the pressure drop results in a metastable
state, nucleation will be the dominant mechanism for foam
formation. In the unstable state, spinodal decomposition will
be the dominant mechanism.? This is schematically depicted
in Fig. 3. Both mechanisms are diffusion driven, although the
direction of diffusion is opposite. In spinodal decomposition,
diffusion moves from low concentration to high concentration,
due to a high driving force. This review, however, will focus
on nucleation as the mechanism for polymer foaming since it is
usually suggested as the dominant phase separation mechanism.
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Fig.3 Schematic phase diagram of the composition vs. the gas pressure.

3. Nucleation and cell growth

The classical nucleation theory is often used as a basis for
modeling the nucleation process. The theory is based on the
Gibbs free energy required to create a void in a liquid, resulting
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in a critical bubble, which is in mechanical and thermodynamic
equilibrium with the surrounding fluid.*** However, the classi-
cal theory only holds for describing the boiling of low molecular-
weight-liquids and does not apply to the nucleation of gases
in viscous liquids such as polymers. For that reason, many
extensions of the classical nucleation theory have been proposed,
to include amongst others free volume effects and surface
tension reduction due to the dissolved gases and additives,*
polymer-solvent interactions and supersaturation of the blowing
agent.”® Colton et al.*® have validated their adaptation of the
theory with experiments, yielding a good qualitative description
of nucleation behavior of microcellular bubbles in amorphous
thermoplastic polymers.

Next to the modeling of nucleation, many theories have been
published concerning cell growth in polymers. These models
are mainly based on the diffusion-driven growth of a spherical
bubble,”* incorporating effects such as the dependencies on
temperature and CO, concentration of the density, diffusivity
and viscosity, respectively.*® Leung er al® have successfully
developed a model to accurately describe the bubble growth of
experimentally observed data for the polystyrene—CO, system.

Although numerous papers discuss either the nucleation
behavior or cell growth, only few have tried to model both
effects simultaneously. One of these models has been developed
by Joshi et al.* As a base case for their model, parameters
of the low density polyethylene—N, system have been used.
However, only a numerical analysis has been performed without
any experimental validation. More recently, Feng et al.* have
integrated nucleation and cell growth models into a consistent
theory, predicting the cell size distribution during the foaming
process. Even though their results are in reasonable agreement
with experimental data, the authors are very critical about
their results and acknowledge the opportunities for further
improvements.

The formation of nuclei in a viscous liquid followed by
cell growth is a very complex mechanism, which is influenced
by many parameters, such as temperature, viscosity, CO,-
concentration, depressurization rate and pressure drop. Despite
the significant research efforts, it will probably take a consider-
able time before the complete process is fully understood.

4. Batch versus continuous

Polymeric foams can be produced batch-wise or continuously.
For both processes the general foaming steps of Fig. 2 can be
applied. The batch process is usually applied in the research
and development field where new materials are foamed or the
foaming behavior is studied. In order to make the foaming
process economically feasible and possible on a larger scale,
a continuous process based on extruders is commonly used. In
general, the extrusion process consists of a mixing step, where
the polymer is mixed with the additives and is pressurized with
CO,. Due to sorption of CO,, T, and viscosity will decrease,
allowing processing of the polymer—CO, mixture at lower
temperatures. This means that different zones in the extruder
can be operated at different temperatures, making it possible to
add or use temperature sensitive components or polymers. This
could make the CO,-based foaming process applicable to bio-
based polymers and/or additives. At the die of the extruder the

pressure is released and the polymer foam is produced. Several
patents have claimed the process where an extruder is used in
combination with a gas as a blowing agent.' Since the nineties,
more and more patents claim specific parts of the extrusion
foaming process, e.g. the way the gaseous blowing agent is added
to the extruder,**** the specific zones of the extruder,* as well as
the dimensions of the die and pressure release zone.*’

Next to patents claiming (parts of) the extrusion process, the
extrusion process has also been investigated in academia. A
division can be made between literature using the extruder as
a means for mixing during the foaming process and literature
optimizing and modeling the extruder and the extrusion process
itself. In the former, only the processing conditions in the
extruder are changed, such as saturation pressure and screw
rotation speed®** or the type and amount of additive added,
such as carbon nanofibres* or nanoclays.*

The effect of the die geometry and temperature on the
nucleation rate or the expansion ratio of the produced foams
has also been investigated.**® A proper die design plays a
crucial role in improving the quality of the extruded foams,
since the geometry of the die determines the pressure decay rate
and absolute pressure drop, by which both cell density and cell
morphology are dominantly affected.

Baldwin et al.* have developed generalized design models of
nucleated solutions in an extruder. It approximates the pressure
drop and flow rate experienced by a two-phase polymer/gas
solution flow through a die channel, with the goal to capture the
major physical attributes of the complicated flow and provide
means of quickly estimating the required flow channel geometry
and evaluating the feasibility of a flow channel design.

Additionally, Stephen et al>® have refined the model to
incorporate more realistic features of gas nonideality and
viscosity reduction.

5. Bulk polymer foaming

The main requirement of the CO,-foaming process is that a
sufficient amount of CO, will dissolve in the polymer. This
excludes the use of polymers such as cellulose and polyethylene,
which have a very low affinity for CO,. Nevertheless, a full
range of polymers is still available that can be used in this
process, including polystyrene, poly(methyl methacrylate) and
biopolymers such as poly(lactic-co-glycolic). The properties of
the polymer determine to a large extent the properties of the
foam and, therefore, the field of application: for insulation
purposes different requirements are needed as compared to
biomedical applications. For the latter, bio-based polymers are
preferably used, as these polymers are generally biocompatible
and/or biodegradable.

5.1 Micro- and macrocellular foams

Polymeric foams can be divided into two groups: microcellular
foams (MCFs) and macrocellular foams. The latter have typical
cell sizes of 50 um or larger and are mainly used as insulation
and packaging materials, due to their relatively poor mechanical
properties. MCFs have a typical cell size of 0.1-10 pm and cell
densities ranging from 10°-10" cells cm~. The main idea for
producing these materials has been materials savings, by creating
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voids without compromising material properties too much. This
has been accomplished by keeping the cell size below a critical
size, smaller than the pre-existing flaws in the polymeric matrix.
In that way the cells would act as crazing initiation sites and
toughen the material. Suh er al*** were one of the first to
produce MCFs in the early 1980s, followed by other publications
on this topicin the late 1980s and after.?*** Initially, MCFs were
the main subject studied in the literature, produced by saturating
a polymeric sample at room temperature with a gas at a certain
pressure, followed by heating to a temperature above the glass
transition temperature. The latter induces nucleation and gives
the polymer matrix the flexibility needed for cell growth.>*¢ In
the early 1990s, Goel and Beckman®** were one of the first
to describe the pressure quench method for producing MCFs,
which is similar to the procedure described in paragraph 2. Both
procedures are now used to produce microcellular as well as
macrocellular foams.

Based upon the results published in the literature, 7566
several general conclusions about the polymer foaming process
can be drawn. These conclusions have been illustrated with
experimental results, in which poly(styrene-co-methyl methacry-
late) (SMMA) has been foamed at different temperatures,
pressures and depressurization rates.®® The results can be found
in Fig. 4, 5 and 7. For both foaming methods, the number of
nuclei that will be formed upon fast depressurization increases
with increasing saturation pressure. Fig. 4 clearly shows that
the cell size decreases with increasing pressure resulting in more
cells per unit volume. For the pressure quench method, it can be
generalized that a higher saturation temperature results in larger
cells and an overall lower bulk density, as can be seen in Fig. 5.
The polymer matrix will be less rigid at higher temperatures,
resulting in less resistance to cell growth. Furthermore, the time
available for cell growth is also longer at higher temperatures,
since vitrification of the polymer matrix will occur at a later
stage. This is schematically depicted in Fig. 6. A decrease in
depressurization rate also has an effect on polymer foaming. As
this rate decreases, the degree of oversaturation per unit time
decreases as well and fewer nuclei will be formed. Therefore,
more time is available for diffusion of CO, from the polymer

un-'i‘ 2%

Fig.4 A sequence of SEM pictures (100x) of SMMA foamed at 119°C
and (A) 100 bar, (B) 150 bar and (C) 175 bar, where a decrease in cell
size with increasing pressure is clearly visible. These results are typically
obtained for both the pressure quench foaming method and the foaming
method induced by an increase in temperature.

Fig.5 A sequence of SEM pictures (100x) of SMMA foamed at 100 bar
and (A) 93 °C, (B) 110 °C and (C) 119 °C, where an increase in cell size
with increasing temperature is clearly visible. These results are typically
obtained for both the pressure quench foaming method and the foaming
method induced by an increase in temperature.

Tg
Rubbery state

Vitrification

Fig. 6 Schematic representation of the decrease in foaming time at
lower temperatures of saturation.

matrix into the cells, which results in larger cells. Fig. 7 clearly
illustrates the effect of a decreasing depressurization rate on
the cell size. If depressurization occurs in two steps, a foam
with a bimodal cell size distribution will be produced. The first

200 bar and (A) < 1, (B) 35 s and (C) 230 s. These figures clearly show
the effect of decreasing depressurization rate, which results in an increase
in cell size.
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step will induce nucleation and some cell growth. The second
depressurization step results in secondary nucleation and further
growth of the primary nucleated cells. The secondary nuclei have
less time to grow and will therefore be smaller. An example of
such a foam is given in Fig. 8.

Fig. 8 A typical bimodal cell size distribution which can be obtained
when depressurization of the foaming process occurs in two steps.

Molecular weight and polydispersity do not appear to have
a significant effect on the foam morphology.”” However, the
presence of even a few percent of low molecular weight
compounds will increase the cell size and decrease the nucleation
density in microcellular foaming processes. The effect of the
low molecular compound cannot be explained by the classical
nucleation theory. It is suggested that spinodal decomposition
causes this effect.

In almost all CO, foaming literature the formation of a skin at
the surface of the foamed sample is described. The main reason
for skin formation is the rapid diffusion of CO, from the surface
of the sample upon depressurization. Especially in the foaming
of thin films, where the surface/thickness ratio is unfavorable,
the skin can be relatively thick. To overcome this problem,
Siripurapu et al® have proposed to confine the polymeric
film between two CO,-impermeable surfaces, so CO, can only
escape through the film edges. This resulted in polymeric films
with very thin skins (approximately 1 cell diameter thick), or
even without any skin, making them interesting materials for
application in molecular separation processes, biotechnology
and microelectronics.

5.2 Nanocomposite foams

One of the problems with polymeric foams for the use as a
construction material is that the mechanical strength decreases
as the cell size increases. By introducing nanoparticles in the
polymeric matrix, not only can the mechanical properties
of nanocomposite foams be enhanced, but also the physical
properties, such as the fire resistance of the polymer. One
of the most widely used particles is montmorillonite (MMT)
clay, but also carbon nanofibres (CNF), spherical silica parti-
cles, nanocrystals, gold and other metal nanoparticles can be
used.®"* Because of the small dimension of the nanoparticles,
they are especially beneficial for reinforcing cell walls of the
foams, since the thickness of the cell walls is in the micron and
submicron range.

Lee et al.” have shown that PS foamed with CO, containing 1
wt% of CNF increased the tensile modulus by 28%, as compared
to neat PS foams with a similar density of 0.6 g cm™. The tensile
modulus of PS foams with 5 wt% of CNF increased by 45% to a

value of 1.07 GPa, which is close to that of bulk PS (1.26 GPa).
The compression modulus of both the CNF foams was even
higher than the compression modulus of bulk PS.

Another advantage of the nanoparticles is that they act
as very effective heterogeneous nucleation sites. The lowered
energy barrier for nucleation in combination with a high
nucleant density can result in a high nucleation rate and therefore
a high cell density with a small cell size, which makes these
nanocomposite materials especially suited for the production
of microcellular foams.” Furthermore, the obtained cell size
distribution is much more homogeneous. Zhai et al™ have
produced polycarbonate (PC) foams with nano-silica particle
content ranging from 1 to 9 wt% and have found that the
homogeneity of the foams increased with an increasing amount
of nano-silica particles. PC foams with 1 wt% of nano-silica
particles had a cell size ranging from 0.2-1.5 um which means a
dramatic increase in homogeneity, as compared to the cell size
range of neat PC foams (from 0.7 um up to 6 um). The cell size
distribution of the PC foams with 9 wt% nano-silica particles is
even narrower: 0.1-0.8 pm.

A new trend in polymer composite foaming is the addition
of so called molecular composites to the polymeric matrix.
Contrary to the addition of nanoparticles, rigid-rod polymers
are dispersed on the molecular level, so the polymeric matrix is
directly reinforced with the rigid-rod chains. An example of such
a rigid-rod polymer is polybenzimidazole (PBI). However, mis-
cibility of PBI with other polymers can be an issue. Sulfonated
and aminated polysulfone (PSF), polyphenylsulfone (PPSF) and
carboxylated polysulfone (C-PSF) have been reported to form
miscible blends with PBI. Furthermore, these composites have
been successfully foamed with CO,.””” The reason why it is
interesting to foam composites with rigid-rod polymers is that
there are no defects in a single molecular chain. Therefore, these
molecular ‘fibers’ can possibly act as reinforcements of the struts
and walls of polymeric foams, which could greatly improve the
compression modulus and strength of the foam. Furthermore,
most rigid-rod polymers also have very good thermostability.
The combination of mechanical strength and improved thermal
properties would make these type of nanocomposite foams
suitable for a full range of high-tech applications in, for example,
military and commercial aircraft.

6. Bioscaffolds

Porous biodegradable polymer matrices have received increasing
attention because of their potential application within the field
of tissue engineering and guided tissue regeneration. These
materials can act as a temporary support for in vitro cell growth
and can encourage cellular growth in vivo. As the cells grow, the
support of the matrix is no longer needed and over time, the
polymer matrix degrades into chemically benign components,
which are not harmful to the surrounding cells. One of the most
commonly used biopolymers is poly(lactic-co-glycolic) acid
(PLGA), because it biodegrades into lactic and glycolic acid,
which are relatively harmless to the growing cells. Furthermore,
its use in other in vivo applications, such as resorbable sutures,
has been approved by the Food and Drug Administration.®
Also, the degradation rate of PLGA can be controlled by
varying the ratio of its co-monomers, lactic acid and glycolic
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acid. Several techniques have been reported to produce porous
PLGA, such as casting and leaching, fiber waving and phase
separation.®* Although scaffolds with high porosity and large
cells have been produced, the main drawback of these methods
that they use organic solvents in the fabrication process, which
can remain in the polymer after processing. These substances
may be harmful to the cells and can inactivate many biologically
active compounds (e.g. growth factors).

To overcome this problem, CO, has been used in order to
produce porous bioscaffolds. Singh et al% have studied the
generation of 85/15 PLGA foams for biomedical applications at
temperatures up to 40 °C and CO,-pressures ranging from 100 to
200 bar. The obtained porosity was 89% with a pore size ranging
from 30 to 100 pm. Mooney et al.* obtained higher porosities of
approx. 97% for 50/50 PLGA foamed at ambient temperatures
and 55 bar. These results are confirmed by Sheridan ez al.¥” who
have found similar results at similar saturation temperatures and
pressures. A patent by De Ponti ez al.® also describes the foaming
of PLGA using scCO,. In general, it appears that milder process
conditions are favorable for a high porosity.

Due to the fact that scaffolds have very large pores, mer-
cury intrusion porosimetry (MIP) is generally regarded as
an unsuitable method for scaffold characterization. SEM and
micro-CT images yield results for the pore size and pore size
distribution. Fig. 9 shows an example of a micro-CT image
of a poly(ethyl methacrylate)/tetrahydrofurfuryl methacrylate
(PEMA/THFMA) scaffold produced with CO,.** MIP, how-
ever, can be used to measure the pore apertures and permeability
of scaffolds.

(a)

Fig. 9 Micro-CT image of scaffolds processed at (a) rapid depressur-
ization; and (b) very slow depressurization. This figure is taken from
Barry et al.* and has been reproduced with kind permission of Springer
Science and Business Media.

Teng et al.*® have combined the CO,-foaming process with salt
leaching in order to increase the porosity and interconnectivity
of poly(p,L)lactic acid PDLLA)/hydroxyapatite (HA) scaffolds.
PDLLA/HA composite and NaCl have been mixed in a heated
mold after which the mixture is foamed with CO, and the salt is
washed out.

Next to the previously described polymers, PEMA/
THFMA,**** poly(isoprene-co-styrene)/ THFMA®' and poly-
caprolactone (PCL)% also have also been successfully foamed
using CO, and have a high potential to be used as bioscaffolds.

7. Polymer blends

So far, the foaming of only one type of polymer, with or without
a non-polymeric additive has been discussed. In these cases,
CO, dissolves only in the polymeric phase and the additive acts
as sites for heterogeneous nucleation. It is also possible to mix
two types of polymers and use CO, to foam the blends. The

difference in solubility and diffusivity of CO, in both polymer
phases provides an additional means to influence the foam
morphology. Of course, the ratio of the blend and the degree
of mixing will have an effect on the morphology of the foam
as well. Han ef al™ have demonstrated the latter. Well-mixed
and poorly mixed PS/9 wt% PMMA blends were foamed with
CO,. The well-mixed blends were rather homogeneous, whereas
the poorly mixed blends clearly showed a dominant small cell
phase and larger cells spread as stripes through the foamed
sample. Interestingly enough, the smaller cells are formed in
the PS phase and the larger cells in the PMMA phase. These
results are opposite of what would be expected based upon the
results of foaming experiments of both pure polymers, where
foamed PMMA in general forms smaller cells as compared to
foamed PS at similar conditions. These opposite results have
been attributed to the diffusion of CO, from the PMMA phase
to the PS phase. As a result, the CO, concentration in the PMMA
phase decreases, which leads to a lower degree of oversaturation
in this phase, resulting in fewer nuclei and larger cells.

Related to the situation of poorly mixed blends is the case
of blending non-miscible polymers. Foaming of these “blends”
can result in remarkable foam morphologies. Taki et al.®® have
produced foams with a bimodal cell size distribution of the
“blends” of polyethylene glycol (PEG) and PS, where the PEG
particles are dispersed in a PS matrix. Due to a higher diffusivity
and solubility of CO, in the PEG-phase, nucleation and cell
growth are faster in this phase. Furthermore, cell coalescence
occurs more easily in the PEG-phase, resulting in a bimodal cell
size distribution in the produced foams, with cells ranging from
40 um to 500 um dispersed in cells of less than 20 um (see Fig. 10).
The mechanism of this type of cell formation is schematically
depicted in Fig. 11. Similarly to the results described by Han
et al.,” the cell size in the PS phase is also smaller than the
cell size in neat PS, foamed at similar conditions. In this case,
however, the smaller cell size is attributed to the faster growing
PEG cells, which cause a depletion of CO, in the PS-phase.
Due to this decrease in CO, concentration in the PS phase,
the plasticization effect of CO, becomes less. Therefore, the PS-
matrix vitrifies which results in a suppression of cell growth and,
hence, a smaller cell size.

Fig. 10 Cellular structure of a PEG/PS blend foam, prepared at 110 °C
and 100 bar. This figure is taken from Taki et al®® and has been
reproduced with kind permission of John Wiley & Sons, Inc.

Because of the immiscibility of PS and PEG, the resulting
foam morphology is largely dependent on the initial dispersion

736 | Green Chem., 2008, 10, 731-738

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B801895B

Downloaded by City College of New Y ork on 09 November 2010
Published on 06 June 2008 on http://pubs.rsc.org | doi:10.1039/B801895B

(a) (b)

PEG, ° 0 - e ©
O @) oo ﬂ o oy
o lo] O

°© ° 4 4 o

o A o
S O ° OO @ <]

o B o )

Fig. 11 Schematic diagram of the formation of the bimodal cellular
structure observed in Fig. 10: (a) initial state, (b) bubble nucleation and
growth, (c) bubble coalescence and (d) particle formation. This figure is
taken from Taki ef al.®® and has been reproduced with kind permission
of John Wiley & Sons, Inc.

of PEG in the PS-matrix. This provides an extra means of
controlling the resulting foam morphology. For example, a better
and more homogeneous dispersion of smaller PEG particles will
lead to a homogeneous bimodal cell structure, which can result
in an open cellular structure, due to the fact that the cell walls
between separate PEG cells will rupture once these cells come
into contact. Furthermore, dispersing PEG as “fibers” in the
polymer matrix can result in the formation of open channels,
which provide a whole new range of applications for these
materials.

8. Conclusion and outlook

As demonstrated in this review, the foaming of polymers using
scCO, has been a topic of interest for many years and most
probably will be for many years to come. In the early years,
patents and research focused mainly on how to produce the
foam itself. Later on, research shifted towards understanding
and controlling the foaming process followed by an interest into
the foaming of biocompatible or biodegradable polymers for the
use as bioscaffolds. Recently, more papers on the production
of microcellular nanocomposite foams have been published
because of the high potential of these composite foams as high-
tech, light weight and strong construction materials.
Empirically, the foaming process can be described quite
well. The influence of different parameters, such as pressure,
temperature and depressurization rate, are well known for many
polymers. However, the theory behind polymer foaming is rather
complex. Despite many efforts to modify classical nucleation
and crystallization theories to include polymer—gas properties
and interactions, these theories still fail to give an accurate
description of nucleation experiments. Moreover, nucleation and
cell growth are modeled separately in many studies, even though
in the polymer foaming process both nucleation and growth are
fully integrated and can occur simultaneously. Research on this
topic will need to continue for many years to come to deliver
accurate and predictive models that describe nucleation and cell
growth. Such a model will provide the tools to really predict and
control the polymer foaming process. This will help in evaluating
polymers for their foamability without having to test all foaming

parameters experimentally, making the choice of a polymer for
a specific application much easier.

So far, the only way to scale-up the CO,-based foaming
process is by means of extrusion. Some companies are already
using an extruder based foaming process, where CO, is used
as a blowing agent (e.g. Styrodur®, extruded polystyrene (XPS)
produced by BASF). One of the drawbacks of the extrusion
process is that is not (yet) possible to produce large blocks of
foamed material. Furthermore, the minimum foam density that
can be obtained by extrusion is much higher (> 30 kg m~?) as
compared to the minimum densities that can be obtained using
the TIPS process (~10 kg m~?). This makes the extruded foams
too expensive for packaging purposes. Once very low density
foams can also be produced using the CO,-based foaming
process, it has the potential to completely replace the TIPS
process, thus making the world-wide foam production more
environmentally friendly.
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Microwave irradiation of high impact polystyrene (HIPS-
Br) containing brominated flame retardant i.e., decabro-
modiphenyl ether (DDO) or decabromodiphenyl ethane
(DDE) was performed using aqueous and organic solvents
for the removal of bromine. The microwave irradiation of
HIPS-Br with triethylene glycol (TEG; 20 ml) at 250 °C for
30 min was found to be suitable condition for the removal
of bromine (85 wt%) from the plastic, enabling recovery of
the bromine free plastics.

Introduction

Plastics are among the best ‘fruits’ of the chemical industry and
are used extensively in our daily life. As these materials are not
biodegradable, the development of viable recycling technologies
for plastic waste materials is becoming increasingly important.
Municipal and industrial plastic wastes are predominantly
treated in three ways: landfill, incineration (energy recovery by
incineration) and material recycling. Each of these methods has
disadvantages. Landfill treatment is undesirable due to poor
bio-degradability of plastics and other environmental problems;
and incineration is unacceptable due to the possibility of toxic
emissions' and loss of the energy accumulated in plastic during
the preparation and the valuable organic materials. True material
recycling (the conversion of scrap polymer into new products)
is a preferable method of treatment but the recycled plastic
products often cost more than virgin plastic? and the secondary
plastics have less market value.

Plastics from waste from electrical and electronic equipment
(WEEE), such as high impact polystyrene (HIPS-Br) and
acrylonitrile-butadiene-styrene (ABS), used for more than half
of the plastic housing in domestic electrical and electronic
appliances plastic,® generally contain flame-retardants as an
additive to avoid inflammation. Pyrolysis or feedstock recycling
appears to be gaining increased attention, as the chemical
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value of the polymer is completely lost through incinera-
tion. However, treatment of WEEE is considered to present
substantially more environmental problems than is the case
with municipal waste plastics, because WEEE can contain
polybrominated biphenyls, polybrominated diphenyloxides or
tetrabromobisphenol-A, which can be converted into dioxine
or furane by the treatment. Thus, it poses a great challenge*®
for effective recycling methods which are environmentally and
economically sustainable.

There has been a plethora of research works on the decom-
position and recycling of flame retardant plastics by several
processes."? In recent years, Bhaskar et al. have reported the
development of catalyst/sorbent for the removal of bromine in
the pyrolysis of the brominated flame retardant mixed plastics.
However, during this process the bromine was found to be still
present in liquid, solid and gaseous products. Li ez al.® reported
the debromination of decabrominated diphenyl ether by resin
bound iron nanoparticles and showed that the debromination
was step-wise, less brominated congeners were produced with
increasing reaction time up to 10 days. Extensive investigations
on hydrodehalogenation of different halogenated compounds
over Ni-catalysts'** and Pd' supported catalysts have been
carried out.

Microwave induced pyrolysis processes are relatively new
and were initially developed by Tech-En Ltd., Hainault, UK."
The process involves mixing of plastic-containing wastes, which
are known to have very high transparencies to microwaves,
with a highly microwave-absorbing material, such as particulate
carbon.” Yoshiyama et al. reported the microwave induced
dechlorination of poly(vinyl chloride). In the present investi-
gation, we report for the first time the microwave induced de-
bromination of high impact polystyrene containing two different
types of flame retardants, decabromodiphenyl ether (DDO) and
decabromodiphenyl ethane (DDE), immersed in aqueous and
organic solvents. The plastic samples also contained antimony
trioxide, which is generally added as a synergist.

Results and discussion

The microwave induced debromination of high impact
polystyrene containing brominated flame retardant was per-
formed in the presence of aqueous, i.e. H,O and KOH, and
organic solvents, such as ethylene glycol (EG), triethylene glycol
(TEG). The detailed information of the contents in the plastics
samples is presented in Table 1. Microwave irradiation with
aqueous solvents at 100 °C showed debromination of less than
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Table 1 Compositional analysis of HIPS-Br samples

Breakdown of

Sample code sample (Wt%)

HIPS-DDO-Sb(5) HIPS 82
DDO 13 Br: 10.8
Sb,0; 5

HIPS-DDO-Sb(0) HIPS 87
DDO 13 Br: 10.8
Sb,0; 0

HIPS-DDE-Sb(5) HIPS 82
DDE 13 Br: 10.7
Sb,0; 5

HIPS-DDE-Sb(0) HIPS 87
DDE 13 Br: 10.7
Sb,0; 0

1 wt% from the plastic samples used in the present study.
Microwave irradiation with EG (b.p. 197.6 °C) and TEG (b.p.
285 °C) was performed at different conditions, such as reaction
temperature, irradiation time and volume of solvent, in order to
find the optimized conditions for debromination. Microwave
irradiation of the plastic samples with EG at room temp.,
100, 150 and 197 °C for 10 min did not show significant
debromination. Similarly, microwave irradiation of the plastic
samples with TEG at room temp., 150 °C for 10 min showed no
debromination. However, microwave irradiation at 250 °C for
10 min induced the successful debromination (Table 2).

In order to see the effect of microwave irradiation, the com-
parison with the conventional fixed bed pyrolysis with electrical
heating was performed at 250 °C for 10 min in the presence
of TEG. The rate of heating for the microwave irradiation and
conventional pyrolysis was kept same (ca. 25 °C min~'). The
results of the effects of microwave irradiation and conventional
pyrolysis on the debromination are tabulated in Table 2. The
debromination exceeded 60 wt% under microwave irradiation
independent of which sample was used, while it stayed between
39-50 wt% for conventional pyrolysis (Table 2). This clear
enhancement in the debromination content should be attributed
to the effect of microwave irradiation.

The conditions of the debromination under microwave irradi-
ation studied in this investigation were provided in Table 3. Tem-
perature, irradiation time and the amount of TEG were varied
in the debromination experiments under microwave irradiation.
The high amount TEG (40 ml) at lower reaction times (10 min)
indicated that the debromination was around 62-66 wt% in all
the four samples studied. Under identical reaction conditions,

Table 2  Effect of microwave irradiation and conventional pyrolysis for
the debromination of brominated high impact polystyrenes. Solvent:
TEG; 20 ml, temp: 250 °C, time: 10 min

Debromination

Conventional Microwave

Sample pyrolysis (wt%) irradiation (Wt%)
HIPS-DDO-Sb(5) 39 62
HIPS-DDO-Sb(0) 35 62
HIPS-DDE-Sb(5) 18 66
HIPS-DDE-Sb(0) 50 64

Table 3 Effect of microwave irradiation time and amount TEG solvent
on debromination of HIPS-DDO-Sb(5)

Irradiation Debromination
Sample no.  Temp/°C  time/min TEG/ml  (wt%)
1 250 10 20 62
2 250 30 20 85
3 250 60 20 83
4 285 10 20 78
5 285 30 20 84
6 250 10 40 62

thereis no significant increase in debromination with the increase
of reaction temperature from 250 °C to 285 °C (Table 3). The
maximum debromination achieved was 85 wt% at 250 °C, 30 min
reaction time, 20 mL TEG for HIPS-DDO-Sb(5) and HIPS-
DDO-Sb(0), and the debromination was 80 wt% for HIPS-
DDE-Sb(5) and HIPS-DDE-Sb(0) under identical conditions.

There are various types of flame retardant extraction methods
reported in the literature. Wang et al.,® reported the extraction
of flame retardants (triphenyl phosphate) in electronic printed
circuit boards by supercritical carbon dioxide. Up to 90% of
extraction efficiency was obtained at an extraction temperature
of 343 K and a pressure of 25 MPa. Gamse and Marr’
measured the extraction behaviour of HBCD and TBBA from
polybutyleneterephthalate with supercritical carbon dioxide.
The extraction yields achieved were up to 100% at 50 MPa and
373 K. Gardette et al.® studied flame retarded PP, and reported
that from the IR spectrum modifications, the fire retardant
is decomposed throughout by UV irradiation, which can be
attributed to photolytic reactions including the formation of
free radicals. In particular, the formation of bromine radicals
is expected. It involves in a first step a homolytic cleavage of
the C-Br bond, leading to the formation of reactive bromine
radicals that can induce a hydrogen abstraction on the polymeric
backbone. Antos and Sedlar® reported that the photochemical
(300-400 nm) decomposition of decabromodiphenyl ether in-
duced by light is a radical process leading to the formation of
HBr provided there is a hydrogen donor (RH) in the system.
The stepwise debromination of the aromatic ring takes place,
giving rise to lower brominated diphenyl ethers with a number
of by-products. However, in the present investigation we could
not find any such products in the liquid (solvent).

Jakab et al® reported that the presence of Sb,O; reduces
the thermal stability (ca. 50 °C) of the samples, indicating that
Sb,0; initiated the decomposition of the flame retardants and
PS. It was established that the brominated additives themselves
do not change the decomposition temperature of polystyrene
(PS). Nevertheless, the majority of PS decomposes at a higher
temperature. The two brominated flame retardants decompose
by different pathways. The scission of C-C bonds, resulting
in the formation of bromotoluenes, is the most important
reaction of DDO additives. In contrast, DDE decomposes by
an intermolecular ring closure pathway producing brominated
dibenzofurans (DBF).

Hydrothermal treatment of HIPS-Br plastics showed that the
presence of poly(propylene) promoted the debromination due
to the availability of tertiary hydrogen from poly(propylene).?
In the present investigation, the glycol acted as a source of
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hydrogen for the facilitation of debromination reaction. The
reaction conditions in the microwave irradiation are not severe
and there is no possibility of formation of dioxins under the
reaction conditions. The physical form of the plastic samples
was intact after the microwave irradiation. Gas chromatography
equipped with an atomic emission detector (GC-AED) was used
for the analysis of bromine compounds present in the solvent
after the microwave irradiation (Fig. 1). It is clear from Fig. 1
that there is a single (major) bromine compound and very
small concentration of various other brominated compounds
observed from both DDE-Sb(5) and DDO-Sb(5) containing
samples. These results support the quantitative analysis of
bromine content remaining in the plastic samples after the
microwave irradiation. Due to the analytical limitations, we
could not perform quantitative analysis of bromine compounds
observed from the GC-AED analysis. The above results show
that the microwave irradiation of brominated flame-retardant
containing polystyrene samples did not produce the wide
range of brominated hydrocarbons. In the case of conventional
pyrolysis of HIPS-Br samples,” the wide range of brominated
hydrocarbons and congenerers of polybrominated dipheneyl
ether were observed in liquid products and the bromine is also
found in residue and gaseous products in the form of HBr.

AEDT A, Carbon S8 o
AED1 C. Bromie 478 of HOS

] (2)

5
OKAWAYIEEZ1A.D

o] Bromine

e Carbon

10 20 Y 0 Y & i

05 OKAWADBER1C.0

= (b)

Bromine

m g uL Carbon

0 20 % 0 ) & i

Fig. 1 GC-AED analysis of TEG solvent after reaction at 250 °C for
10 min, TEG 20 ml: (a) HIPS-DDO-Sb(5), (b) HIPS-DDE-Sb(5).

Experimental
Materials

Commercially available high impact polystyrene (Br-HIPS) was
used in the present investigation. High impact polystyrene
(HIPS) containing decabromodiphenyl ether (DDO) flame
retardant with Sb,O; (5 wt%) is abbreviated as HIPS-DDO-
Sb(5) and without Sb,0; as HIPS-DDO-Sb(0). In a similar way,
high impact polystyrene (HIPS) containing decabromodiphenyl
ethane (DDE) flame retardant with Sb,0; (5 wt%) is abbreviated
as HIPS-DDE-Sb(5) and DDE without Sb,0; as HIPS-DDE-

Sb(0). All the above HIPS-Br sample contains approximately
1-2 wt% of (poly)butadiene.

Experimental procedure

Microwave induced debromination was performed in a p-reactor
(2.45 GHz, 40-770 W) from Shikoku-Keisoku Instruments,
Japan. Samples (2 x 2 mm) can be heated at the adjusted
temperatures under the automatically controlled output of
microwaves. lon exchanged water and potassium hydroxide
(KOH; 1 M) solutions were used as aqueous solvents. Ethylene
glycol (EG) and triethylene glycol (TEG) were used as organic
solvents. EG and TEG were obtained from TCI, Japan and used
as received.

Briefly, the required amount of aqueous and organic solvent
and 1 g of plastics sample were placed in a 100 ml two-necked
round-bottom flask. The water condenser and thermocouple
(from a thermocouple guide) were inserted into the flask. The
polymer/solvent suspension was stirred during the microwave
treatment. The experimental procedure for the pyrolysis of
plastics samples can be found elsewhere.**

Analysis procedure

The bromine content present in the plastic samples after the
microwave-induced debromination was performed using a com-
bustion flask followed by ion chromatographic analysis. In brief,
a small portion (about 8-10 mg) of microwave treated plastic
sample was combusted with O, in a pyrex flask, containing a
pair of electric wires, a Pt sample pan held by the panholder and
a Pt filament for firing the sample. The combustion products
were absorbed in about 40 ml water containing H,O, (0.3 ml)
and subsequently analyzed by ion chromatography.

Conclusions

An enhancement in the debromination of flame retardant
containing plastics by microwave irradiation has been demon-
strated. This new method should provide a new methodology
for recycling of waste plastics from electrical and electronic
equipment. Microwave irradiation is a simple but effective
method to remove the major portion of bromine content from
solid plastics before they are converted into basic petrochemicals
or fuels.
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In an effort to streamline the current process for the key
precursor en route to Tamiflu™ (oseltamivir phosphate),
the ketalization reaction was re-evaluated for areas of
improvement. Removal of thionyl chloride was a priority
from a EH & S and operational perspective. Finally, the
reduction of solvents and telescoping steps would improve
throughput and minimize waste streams.

Introduction

With an increasing demand for Tamiflu™ (oseltamivir phos-
phate) (1 in Fig. 1),' analysis of its synthesis has received a
large amount of attention from both academia and industry.
Our efforts in this arena focused on the manufacturing pro-
cess of a key precursor ((1S,5R,65)-ethyl 5-(pentan-3-yloxy)-
7-oxabicyclo[4.1.0]hept-3-ene-3-carboxylate) (2 in Fig. 1). The
initial goal was established by a comparative health risk analysis
which was performed. This provided a quantitative method to
identify key reagents and steps that needed to be addressed.
Removal of thionyl chloride from the current process was the
first priority. A relative risk indicator for solvents/liquid reagents
at 25 °C was used to compare reagents (vapor hazard ratio:
VHR).? It is calculated as the following ratio: saturation vapor
concentration of a solvent or liquid reagent versus occupational
exposure limit (OEL). The higher the VHR, the more likely
the solvent/reagent will become airborne in the workplace
and cause a potential health risk. The VHR describes how
many times a vapor saturated air volume has to be diluted
by the same volume so that the occupational exposure limit
is not exceeded. This method provides a better indicator of risk
that vapor pressure alone cannot. For example, a compound
that has minimal vapor pressure with an extremely low OEL,
could be significantly more hazardous than a compound that
has moderate vapor pressure and a moderately low OEL.
Comparison of thionyl chloride to hydrochloric acid demon-
strates the increased risks associated with its use. Hydrochloric
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US4
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Fig. 1 Oseltamivir phosphate and registered starting material.

acid is moderately toxic with an LCs, 0of 3124 ppm h~' and a VHR
of 73026. Thionyl chloride is toxic with an LCs, of 500 ppm h™'
and a VHR of 155064. Additionally, thionyl chloride reacts
quite violently with water with the evolution of the green house
gases sulfur dioxide and hydrochloric acid. The evolution of
these gases necessitates the use of a separate scrubber unit which
renders this a more vessel intensive process with a superfluous
waste stream.

Thionyl chloride was originally implemented as an in situ
means to generate anhydrous hydrochloric acid which was
necessary for >99% reaction completion. This same effect could
be realized using other means to generate an anhydrous acidic
environment. In an effort to streamline the whole process of
this starting material, we revisited the direct ketalization route.
Entry to the sequence of synthetic steps to this precursor could
begin with shikimic acid or quinic acid. At the beginning of the
technical development, both routes were necessary as the purity
of shikimic acid was unpredictable. The direct ketalization route
using 3-pentanone was abandonded early on as the intermediate
purification via crystallization of a highly crystalline acetonide
was necessary to achieve the requisite for overall purity.®* The
overall yield was reduced 20% if the current telescoping process
was employed (Scheme 1).

Over the past 5-10 years there has been a consistent improve-
ment in the shikimic acid quality available from fermentation.

Herein, we report an improved process for esterifying shikimic
acid and subsequent formation of the pentylidene ketal with
the ultimate goal of developing a streamlined environmentally
friendly process.*

This journal is © The Royal Society of Chemistry 2008
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HO,,. CO.H 1) EtOH, SOCI, (0.5 eq) HO,,, CO,Et
reflux, 3 h
HO™ 2) evaporation HO™
OH 97% OH
1) 3-pentanone (25 eq) CO,Et

CF3S0;H (0.05 eq)

2) extraction

240
3) evaporation OH

97%
Scheme 1 Original synthesis of (3aR,7R,7aS)-ethyl 2,2-diethyl-7-
hydroxy-3a,6,7,7a-tetrahydrobenzo[d][1,3]dioxole-5-carboxylate 5 from
shikimic acid 3.

Results and discussion

During our initial Fischer esterification studies of shikimic
acid, we screened typical organic acids: p-toluenesulfonic acid
(PTSA), benzenesulfonic acid (BSA) and hetereogeneous condi-
tions such as Dowex resin. We investigated benzenesulfonic acid
more carefully as it is commercially available as a solid or as a
solution.

It was determined that moderate amounts of water in the reac-
tion mixture were detrimental with a plateau of 97% conversion
being achieved even under the most anhydrous conditions.’ The
liberation of water during the Fischer Esterification reaction was
enough to stop the reaction from proceeding beyond 97% unless
a water scavenger was added. Use of 95% ethanol resulted in
a plateau at 85-88% conversion, with the decreased conversion
being attributed to the presence of additional water. Increasing
the molar equivalents of anhydrous benzenesulfonic acid added
could allow the acid catalyst to act as an internal water scavenger
but had deleterious effects on the following transformation due
to the acid sensitivity of 3-pentanone.® Use of technical grade
benzenesulfonic acid (~80%) afforded the same conversion and
purity as the more expensive 99+% grade. The remaining 20% of
technical grade BSA is sulfuric acid which is used to produce the
reagent. In order to solve the problem of incomplete conversion,
a search for another water scavenger was initiated. It was
discovered that the orthoformates would serve as an adequate
water scavenger. Under the acidic conditions, any liberated
water would react with the triethylorthoformate to produce
ethanol and ethyl formate. Introduction of triethylorthoformate
increased the conversion to >99% (Scheme 2).

HO,, COH 1) EtOH, BSA (0.1 eq) HO,, CO,Et
reflux, 6 h
HO™ 2) triethylorthoformate (1.0 eq) HO™
OH reflux 5 h OH

1) 3-pentanone (1.15 eq)

triethylorthoformate (1.2 eq) O, CO,Et
2) neutralize with triethylamine 3<0©/
3) solvent switch to isopropyl acetate OH

95 - 97% over two steps

Scheme 2 Alternative synthesis of (3aR,7R,7aS)-ethyl 2,2-diethyl-7-
hydroxy-3a,6,7,7a-tetrahydrobenzo[d][1,3]dioxole-5-carboxylate 5 from
shikimic acid 3.

Initially, the ester was isolated and taken into the next step
as a melt of the ester and benzenesulfonic acid (10 mol%).
Subsequently, the solution was taken into the ketalization step
without isolation. The original route using 3-pentanone was an
inefficient process requiring 25 equivalents of reagent. It was
envisaged that transketalization from the 3,3-diethoxypentane
could be a viable alternative and resources were focused on this
route.

3,3-Diethoxypentane is not commercially available but could
be generated as an ethanol solution by using a modification
of the method described by Fife.”® Originally, it was intended
that the reagent would be produced in a separate vessel and
transferred into the ethanol solution of the ethyl ester of shikimic
acid. Generation of the reagent in situ afforded the added
advantage of telescoping the first two transformations in an
elegant sequence.

With the introduction of triethylorthoformate in the esterifi-
cation step as a water scavenger, it seemed obvious to combine
the first two steps. In the end, production of the hydroxy
pentylidene ester in a two step, one pot reaction was possible
with excellent yield and subsequent high purity at the epoxide (2)
(Scheme 2).°

In summary, a streamlined process was developed to eliminate
the use of thionyl chloride and shorten the overall process by
employing a direct ketalization strategy.
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a solution of the hydroxy pentylidene ester (5). The solution can
be taken on to the next step without further purification. FOR
CHARACTERIZATION: the solution was stripped to dryness and
recrystallized from heptane. (96.2% yield over two steps) mp = 60—
62 °C. '"H NMR (500 MHz, CDCl;) 6 0.89 (t, / = 7.5 Hz, 3H), 0.93
(t, J = 7.5 Hz, 3H), 1.30 (t, J = 7.0 Hz, 3H), 1.67 (m, 4H), 2.28 (br.

m, 1H), 2.79 (dd, J = 17.0, 4.5 Hz, 2H), 3.92 (m, 1H), 4.12 (q, J =
7.0 Hz, 2H), 4.23 (dd, J = 14.0, 7.0 Hz, 1H), 4.77 (m, 1H), 6.93 (m,
1H); *C NMR (125 MHz, CDCl,) 6 8.14, 8.78, 14.39, 29.36, 29.54,
29.91, 61.28, 69.17, 72.47, 78.08, 113.87, 130.65, 134.27, 166.40; IR
(neat) 3285, 2981, 2942, 1702, 1276, 1108 cm™'; HRFABMS found
m/z (M + Na*) 293.1520, caled. for C,,H,,0;Na (293.1365).

This journal is © The Royal Society of Chemistry 2008
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Mesoporous polyoxometalate-tantalum pentoxide composite catalyst, H;PW,0,,/Ta,Os, with
H;PW,,0, loading from 3.6 to 20.1% was prepared by a one-step sol-gel-hydrothermal route in
the presence of a triblock copolymer surfactant. Bulk and surface sensitive probe testing results
indicated that the primary Keggin structure remained intact after formation of the composite, and
strong interaction between the Keggin unit and Ta,O; framework existed in the composite.

Additionally, the composite exhibited larger and well-distributed three-dimensionally
interconnected pores (3.9-5.0 nm), larger BET surface area (106.0-126.9 m? g'), high porosity
(0.44-1.37 cm® g'), and homogeneous dispersion of the Keggin unit throughout the composite.
As an environmentally friendly solid acid catalyst, the catalytic performance of the

H,PW,,0,,/Ta,0; was evaluated in the esterification of lauric acid and myristic acid, the

transesterification of tripalmitin as well as the direct use of soybean oil for biodiesel production.
Regardless of the presence of free fatty acids, the H;PW,0,,/Ta,Os composite showed high
reactivity and selectivity towards simultaneous esterification and transesterification under mild
conditions. The catalyst can be recovered, reactivated and reused several times.

Introduction

Biodiesel is an alternative fuel candidate composed of a
mixture of C,,—C,, monoalkyl esters of fatty acids based on
ASTM D6751 standards.’ It has similar physical properties to
petrodiesel but unique advantages including being renewable,
biodegradable, non-toxic and low emissions.’ It can be manu-
factured from vegetable oils, animal fat, and even from recycled
oils from the food industry. Standard biodiesel production
involves the catalytic transesterification of long- or branched-
chain triglycerides with short-chain alcohols.” The conventional
catalysts for this reaction are homogeneous strong bases such
as alkali metal hydroxides and alkoxides.>®® These catalysts are
highly efficient and of low cost. However, they suffer from many
drawbacks including sensitivity to moisture and free fatty acid
(FFA). Both of these components may induce saponification
under alkaline conditions, which not only consumes the catalyst,
but also causes the formation of emulsions. Thus, it is difficult
to recover and purify biodiesel.” Accordingly, dehydrated veg-
etable oil with less than 0.5 wt% FFAs, an anhydrous alkali
catalyst, and anhydrous alcohol are necessary for commercially
viable alkali-catalyzed production systems. This requirement
is likely to be a significant limitation to the use of low-cost
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Heslington, York, UK YOI10 5DD. E-mail: jhcl@york.ac.uk; Fax: +44
1904 434550, Tel: +44 1904 432559

feedstocks.’ As a result, biodiesel production by theses routes
is still not cost-competitive with petrodiesel. Use of solid base
catalysts, such as some zeolites,'" alkali earth oxides,’*'® and
hydrotalcites,"” offer several process advantages for transester-
ification reactions. However, FFAs in vegetable oils still interfere
with the transesterification process catalyzed by solid base
catalysts.

Transesterification catalyzed by an acid catalyst has the
important advantage with respect to base catalysts that it is
not strongly affected by the presence of FFAs in the feed-
stock. In fact, acid catalysts can catalyze both esterification
and transesterification simultaneously." To date, acid-catalyzed
biodiesel production has been largely ignored, mainly due
to its low efficiency. Higher pressure has been applied to
increase the reaction temperature for improving the yield of
monoester,>**** but at the expense of higher process costs and
side reactions. Homogeneous acid catalysts such as sulfuric acid,
hydrofluoric acid, and p-toluenesulfonic acid can also lead to
serious contamination problems. Therefore, the development of
robust and stable solid acids with strong Brensted acid sites
to be used as catalysts for biodiesel production is required
both for green chemistry and economic viability. So far, some
heterogeneous acid catalysts, including zeolites,” ion-exchange
resins,” mixed metal oxides like sulfated zirconia,** and a sugar-
based catalyst,' have been reported to exhibit reactivity for
biodiesel production. However, catalysts with small pores, such
as zeolites, are not suitable for biodiesel production because of
the diffusion limitation of molecules having long alkyl chains.?>2¢
Ton-exchange resins are active strong acids, but they have a
low thermal stability and deactivate after 2 to 5 h.>*** In the
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case of sulfated zirconia, catalyst stability can be decreased
due to the blocking of the small pores by larger product
molecules and coke formation.>*® Besides these solid acids, the
uses of strongly acidic Keggin-type polyoxometalates (POMs),
especially 12-tungstophosphoric acid (H;PW,,0,), have at-
tracted much attention for biodiesel synthesis.?? H;PW,0,, is
catalytically effective to both esterfication and transesterfication
reactions, but they can act homogeneously and their small
surface area (<10 m? g')* hinders accessibility to the strong
acidic sites, thereby limiting catalytic activity. To eliminate both
of the problems, heterogeneous POMs such as Keggin type
salts (Cs,H;_,PW,0,)*"*? and supported POMs® have been
developed and tested for biodiesel synthesis. Cs,.H;_.PW,,0,
with x = 2.0-2.3 exhibit high esterification as well as transester-
fication activity, but they suffer from separation problems due
to the formation of colloidal suspension in polar media.*"** The
supported POM, e.g., MCM-41-supported POM prepared by a
post-synthesis grafting method showed good activity at 110°Cin
the esterification of acetic acid and 1-butanol in the gas phase.*
However, the catalyst suffers from several drawbacks including
poor control over POM loading, POM leaching, and the lack of
structural homogeneity. All of these lead to reduced activity of
the immobilized POMs.

Our current work focuses on the design and preparation of
more active, selective, and catalytically stable POM-containing
composite catalysts for both esterification and transesterification
conditions. The POM selected is H;PW,,0,, while Ta,Os,
formed via hydrolysis and condensation of TaCls, is used as
the support. Ta,O;s has been shown to have catalytic activities in
acid-catalyzed reactions such as the esterification of methacrylic
acid with methanol, the alkylation of benzene with ethane, or
the isomerization of 1-butene;**?*” Ta’* (1.50, 0.064 nm) and
W6 (1.70, 0.060 nm) have well-matched electronegativity and
ionic radius. Thus, some of the W atoms may substitute for Ta
atoms and form W—O-Ta bonds at the surface of the Ta,Os. This
strong interaction between the Keggin unit and Ta,Os support
are expected to enhance the stability of the composite catalyst.

We have used a one step sol-gel co-condensation-template-
hydrothermal route for catalyst preparation. Such a proce-
dure is appropriate for the preparation of high-surface-area
composite catalysts with unique surface properties, such as
three-dimensional interconnected mesopore system of large
pores, high pore volume, and homogeneous dispersion of the
Keggin units. These characteristics along with controllable
H;PW,,0, loading should benefit the materials suitability for
biodiesel synthesis.

The structure, morphology, and surface physicochemical
properties of as-prepared composites were well characterized by
FT-IR, *'P MAS NMR, Raman scattering spectroscopy, XPS,
XRD, nitrogen gas porosimetry, and TEM. Subsequently, their
acid catalytic activity, selectivity, and stability were evaluated un-
der mild conditions (atmosphere refluxing): in the esterification
of lauric acid with ethanol; the transesterification of tripalmitin
with methanol; the simultaneous esterification of myristic acid
and transesterification of tripalmitin with methanol; and the
direct use of soybean oil for the preparation of biodiesel. The
influences of key reaction parameters such as the molar ratios
of lauric acid/tripalmitin to alcohol and catalyst loading were
also studied.

Experimental
Reagents

H;PW,0,-xH,0 and P123 (M = 5800) were purchased from
Aldrich. Tantalum pentachloride (TaCls, 99%), lauric acid
(97.5%), ethyl laurate (98%), and methyl palmitate (97%) were
purchased from ABCR. Tripalmitin (99%) was purchased from
Tokyo Kasei Kogyo Co. Ltd. Soybean oil is commercially
available. All chemicals were used without further purification.

Catalyst preparation

In a typical preparation of H;PW,,0,,/Ta,0s, TaCl; was
dissolved in P123/ethanol solution. After vigorous stirring the
mixture for 1 h at room temperature, an aqueous H;PW,,0,
solution was added dropwise to the above mixture, and the
resulting sol was stirred at room temperature for 1 h. The molar
ratio of H;PW,0,, : P123 : TaCl; : ethanol = (0.0029-0.019) :
0.026 : 1 : 100. The clear sol obtained was aged at 45 °C for
24 h, and then subjected to hydrothermal treatment at 80 °C
for 48 h at a heating ramp of 2 °C min~'. The hydrogel formed
was cooled to room temperature and then dehydrated slowly at
45 °C in vacuum until complete gel particulate was formed.
The gel particulate was further dried in vacuum at 60 and
80 °C, respectively. Removal of P123 was performed by boiling
ethanol extraction for 3 h, and then the product was separated by
centrifugation and dried in vacuum at 45 °C for 24 h. The above
procedure was repeated three times to ensure most of the P123
was removed from the product. The final product is denoted
as H;PW,,0,/Ta,0;s-x, where x represents H;PW,,0,, loading
(Wt%) in the composite. Herein, x = 3.6, 10.8, 15.1 and 20.1%,
respectively, determined by a Leeman Prodigy Spec ICP-AES.

Pure Ta,O; was prepared by using the above method
in the absence of H;PW,,0,. H;PW,,0,,/SBA-15-10.9 and
H;PW,,0,,/Ta,05-9.9-D were prepared according to our pre-
vious methods. 3340

Catalyst characterization

FT-IR spectra were recorded on a Nicolet Magna 560 IR
spectrophotometer. Raman scattering spectra were recorded on
a Jobin-Yvon HR 800 instrument with an Ar* laser source of
488 nm wavelength in a macroscopic configuration. P MAS
NMR spectra were obtained on a Varian Unity-400 NMR
spectrometer. Low- and wide-angle XRD patterns of the com-
posites were obtained on a D/max-2200 VPC diffractometer
using CuKa radiation. XPS was performed on a VG-ADES 400
instrument with Mg Ka-ADES source at a residual gas pressure
of below 10* Pa. TEM images were obtained on a JEOL
JEM-2010 transmission electron microscope at an accelerating
voltage of 200 kV. Nitrogen porosimetry was performed on
a Micromeritics ASAP 2010 instrument. Surface areas were
calculated using the BET equation. Pore size distributions were
calculated using the BJH model based on nitrogen desorption
isotherms.

Testing of the catalysts

The catalysts were dried for 2 h at 150 °C in vacuum before the
catalytic tests.
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All reactions were carried out in a round bottomed glass
flask (25 ml) fitted with a water cooled condenser. For each
reaction, 50 mg (2% w/w) of air-exposed catalyst was added,
and the reaction was performed at reflux in air. Esterification
was performed at 78 °C with different lauric acid to ethanol
molar ratios (1 : 1 to 1 : 9) and constant reaction volume
(2.5 ml). Transesterification was performed at 65 °C with
tripalmitin to methanol molar ratio of 1 : 15 to 1 : 120 and
constant reaction volume (2.5 ml). Simultaneous esterification
and transesterification was performed via stirring the mixture of
myristic acid (0.6 mmol), tripaltimin (0.6 mmol), and methanol
(45 mmol) at 65 °C. Soybean oil transesterification reaction was
performed via stirring the mixture of myristic acid (0.6 mmol),
soybean oil (0.6 mmol), and methanol (45 mmol) at 65 °C. The
samples were withdrawn periodically and then centrifuged for
determination of the concentrations of the produced monoesters
in the resulting solution on a Shimadzu GC-14C gas chromato-
graph fitted with a 1 Rtx-1 capillary column (film thickness,
1 pm; id., 0.25 mm; length, 30 m) and flame ionization
detector. The product distribution in esterification reaction
system was analyzed by a GC-6890N/MS-5975 GC-MS, while
the product distribution in transesterification reaction system
was analyzed on an Applied Biosystem LC (C; column)-Q-Trap
triple quadrupole MS equipped with an ESI source.

The performance of the catalysts was characterized quantita-
tively by the yields of monoesters (% Y) and reaction turnover
frequencies (TOFs, min~') obtained at the selected conditions. Y
was calculated as follows: Y = (Mp/ M) x 100, where M, is the
number of moles of monoesters produced (ethyl laurate, methyl
palmitate, or methyl myristate), and M is the number of moles
of monoesters expected. TOF was calculated as the number of
moles of the monoester yielded in a period of reaction time
(t) per mole of H;PW,04 (Mypw): TOF = M/ Mypwt. The
monoesters yielded over pure Ta,Os have been subtracted when
TOFs of H;PW,0,,/Ta,0s composites were calculated.

Results and discussion
Catalyst characterization

Compositional and structural information. The determined
H;PW,,0, loadings in as-prepared H;PW,,0,,/Ta, 05 compos-
ites were as expected, implying that the preparation method
employed can effectively inhibit the loss of the Keggin unit
during the template extraction process.

Structure integrity of the Keggin unit and the interac-
tion between the Keggin unit and Ta,Os; support in the
H;PW,,0,,/Ta,0; composites were studied by spectroscopic
methods, including FT-IR, Raman, and *'P MAS NMR cou-
pled with surface sensitive XPS. Fig. 1 shows FT-IR spectra
of the parent H;PW,,0,, and H;PW,0,,/Ta,0s composites.
Compared with the parent H;PW,0,, the characteristic vi-
brational frequencies related to the Keggin unit for the four
tested H;PW,,0,,/Ta,0;s were unchanged. These vibrational
frequencies are 1080, 983, 893 and 800 cm™', respectively,
attributed to stretching vibration modes of P-O, W=0, and W-
O-W bonds of the Keggin unit.*’ However, the peak intensities
decreased after introduction of the Keggin unit into the Ta,Os
framework.
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Fig. 1 FTIR spectra of H;PW,,0,,/Ta,0s series as a function of
H,;PW,,0,, loading. Comparative spectrum of pure Ta,Os is also shown.

Additional structural information relating to the presence
of Keggin units in the composite is obtained from Raman
spectroscopy. Fig. 2 depicts the spectra under ambient condi-
tions of parent H;PW,0,, pure Ta,0s, and H;PW,0,,/Ta,O:;-
20.1. The bands characteristic of the W—O-W symmetric and
asymmetric stretches of pure H;PW,,0,, were found at 533,
886 and 926 cm™!, and intense bands characteristic of terminal
W=O0 stretches were situated at 977 and 1001 cm~'. The
Raman spectrum of H;PW,0,,/Ta,05-20.1 resembles that of
pure H;PW,,0,, with bands of 926 (W-O-W stretches) and
1001 cm™' (W=0O stretches). The spectra are similar to that of
silica supported H;PW,0,, composites.** The bands at 660 cm™"
for pure Ta,Os and 684 cm™' for H;PW,0,,/Ta,Os are assigned
to Ta—O vibration modes.>5*
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Fig. 2 Raman spectra of pure Ta,Os, starting H;PW,,0,, and
H;PW,,0,,/Ta,05-20.1 composite.

'P MAS NMR spectra strongly support the above results,
with characteristic a P chemical shift (6) of —14.2, and
—17.1 ppm, respectively, for as-prepared H;PW,,0,,/Ta,0s-
10.8 composite (Fig. 3a). The stronger peak at —14.2 ppm
originates from the PO, unit within the bulk H;PW,0,
environment.* While the weaker peak at 6 = —17.1 ppm may
originate from the PO, unit within H;PW,,0,, located near the
Ta,O; surface. The chemical shift value is different for the latter
due to perturbations by the Ta,Os support. The same result
was obtained for the H;PW,0,,/Ta,05-9.9-D sample (Fig. 3b).
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Fig. 3 P MAS NMR spectra of H;PW,0,,/Ta,Os composites.

Thus it is inferred that the distortion of the Keggin cage at
the interface of two components occurred due to the strong
interaction between the Keggin unit and Ta,O;.

The nature of the surface species was explored by surface
spectroscopy (XPS). Evaluation of the surface tungsten, oxygen,
and tantalum environments were followed (Fig. 4). The resulting
W 4f and Ta 4f XP spectra are characteristic of high oxidation
state tungsten and tantalum environment. Additionally, com-
pared with parent H;PW,,0,, the binding energy (BE) of W
4f, O 1s and Ta 4f all had a slight shift to low values after
incorporation of the Keggin unit into Ta,Os support. Higher
H;PW,,0,, loading resulted in lower BE (Table 1).

Together the spectroscopy data suggest that the primary
Keggin structure remained intact after formation of the
H;PW,0,,/Ta,O5 composites. At the same time, strong inter-
actions between the Keggin unit and Ta,O; support resulted in
decreased IR intensities and changes in the Raman bands due to
W=0, W-O-W and P-O bonds (molecular symmetry within the
H;PW,0,, cluster was broken near the interface). Considering
the very similar electronegativity and ionic radius of Ta’* and
W¢*, and the work reported by other groups,*** we tentatively
infer that the terminal W=O groups within the Keggin units
coordinate to the surface =Ta—~OH groups within Ta,O; via Ta—
O-W bonds and form (=TaOH,),*[H;_,PW,O4]"~ species at
the interface.

Mesostructure, morphology and porosity. The low-angle
XRD patterns of as-prepared Ta,Os and four H;PW,,0,,/Ta,Os
composites are shown in Fig. 5A. In the range of 0.93-1.17°,
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Fig. 4 High-resolution XPS spectra of H;PW,,0,,/Ta,0s composites
in the W 4f (a), O 1s (b), and Ta 4f (c) binding energy regions.

there is a broader reflection peak (100) for all tested samples.
This is in good agreement with the materials prepared by using a
neutral template, indicative of a wormhole-like unordered meso-
porous structure.*** Additionally, by increasing H;PW,,0,,
loading from 3.6 to 20.1%, the peak (100) shifts to higher 26
values slightly (Table 2), at the same time, the peak becomes
broader accompanied by decreased diffraction intensity. The
phenomenon has been reported earlier by other researchers and
is attributed to the filling of the host mesopores by materials
that scatter X-rays.* This leads to increased phase cancellation
between X-rays scattered from the walls and the pore regions,
and thus reduces the intensities of XRD peaks.*” Fig. 5B shows
the wide-angle XRD patterns of H;PW,,0,,/Ta,Os materials
with respect to the starting H;PW,,0,, and Ta,Os matrix. Upon
loading the H;PW,04 up to 20.1%, the reflection patterns
corresponding to H;PW,,0O,, were still not found. The two broad
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Table 1 Binding energy (eV) of Ta 4f, W 4f, and O 1s of the starting H;PW,,0,,, Ta,0s, and H;PW,0,,/Ta,0; composites

Ta 4f W 4f

Sample 41, 4f5), 4, 41, Ols

Ta,Os (found) 27.1 28.9 — — 529.8
Ta,Os (expected) 27.1 29.0 — — 531.1
H;PW,,0,, (found) — — 35.8 37.9 531.6
H;PW,,0, (expected) — — 35.8 37.9 531.8
H;PW,,0,/Ta,0;-10.8 27.0 28.9 35.7 37.7 528.8
H;PW,,0,,/Ta,05-20.1 26.9 28.8 35.6 37.6 528.5

7

Intensity (a.u.)
Loy 77 £

1 2 3 4 5

2 0 (degree) 2 6 (degree)

Fig.5 Low-angle(A)and wide-angle (B) XRD patterns of H;PW,,0,,/
Ta,O; composites, H;PW,0,, and Ta,O; are shown for comparison. (a)
Pure Ta,0s, (b) H;PW,,0,,/Ta,05-3.6, (c) H;PW,0,,/Ta,05-10.8, (d)
H;PW,,0,,/Ta,0;-15.1 (¢) H;PW,,0,,/Ta,05-20.1 and (f) H;PW,0,,.

Table 2 Structural and textural information of different mesoporous
materials

Catalyst 20/° Spger/m? g™ D,*/nm  V,*/cm’® g™
Ta,Os 093 1358 3.6 1.32
H;PW,,0,,/Ta,0;5-3.6 0.95 126.9 3.9 1.37
H,PW,,0,,/Ta,05-10.8 0.96 117.8 5.0 0.81
H;PW,,0,,/Ta,0;-15.1 0.98 114.7 4.4 0.80
H;PW,,0,/Ta,0;5-20.1 1.17 106.0 3.9 0.44
H,PW,,0,,/Ta,0;-D-9.9 — 167.3 1.2/2.5 0.029/0.017
H,PW,,0,,/SBA-15-10.9 0.97 727.8 6.3 1.41

“ Average pore diameter estimated from BJH desorption determination.
® Maximum pore volume at a single point estimated from BJH desorp-
tion cumulative volume of pores.

peaks situated at ca. 25 and 55° originated from amorphous
Ta,0;s. Therefore, it is confirmed that the Keggin units are
homogeneously dispersed throughout as-prepared composites.
TEM images of as-prepared H;PW,,0,,/Ta,O; are shown
in Fig. 6. For comparison, as-prepared Ta,Os; and
H;PW,,0,,/Ta,05-9.9-D are also shown. Samples prepared in
the presence of P123 exhibited a three-dimensionally intercon-
nected pore-network structure with high porosity and well-
distributed pores (Fig. 6a—d). The results are in agreement with
those of low-angle XRD, implying that the pores are contained
within single particles. Increasing H;PW,,0,, loading from 3.6
to 20.1% enhances the disorder of the pores with decreased
porosity. The result suggests the blockage of part of the pores of
Ta, 05 matrix by the introduction of large Keggin units into the
Ta,Os support. The morphology of H;PW,,0,,/Ta,05-9.9-D
(Fig. 6e) is different from that of the above samples obtained by

Fig. 6 TEM images of pure Ta,Os (a), H;PW0,/Ta,0;-3.6
(b), H;PW,04/Ta,05-10.8 (c), H;PW,,0,/Ta,05-20.1 (d), and
H;PW,,0,,/Ta,05-D-9.9 (¢) composites.

using a neutral template, showing obvious aggregation among
particles with low porosity and uneven pore size distribution.
This result implies that the pores of H;PW,,0,,/Ta,05-9.9-D
occur as voids among the particles.

The overall mesoporosity of as-prepared Ta,Os and
H;PW,0,,/Ta,05 was examined by nitrogen gas porosimetry,
and the results are shown in Fig. 7 and Table 2. All of the
isotherms for the tested materials are Type IV with H2-type hys-
teresis (Fig. 7a), which is an indicator of the three-dimensionally
interconnected porous structure of the samples.**** The narrow
pore size distribution of the tested samples (Fig. 7b) implies
that the pores within the Ta,O; support and H;PW,,0,,/Ta,0s
composites are uniform. Also the Keggin units are homoge-
neously distributed across the sol-gel co-condensed materials.
From Table 2, it can be seen that BET surface areas and
pore volumes of the H;PW,0,,/Ta,0s composites decreased
gradually with increasing H;PW,,0,, loading from 3.6 to 20.1%.
However, the BET surface area of the composite increased
greatly compared with the starting H;PW,0,,. The average pore
diameter of the composites is in the range of 3.9 to 5.0 nm, a
little higher than Ta,Os support. The above results lead us to
assume that the Keggin units are located inside the pores of
Ta,Os network through interaction with it. Therefore, the pores
of H;PW,,0,,/Ta,0s were enlarged. On increasing H;PW,0,,
loading from 3.6 to 10.8%, the pore diameter increases from
3.9 to 5.0 nm, suggesting that the blockage of the pores of
Ta,Os matrix do not occur. Further increases in the H;PW,,0,,
loading to 15.1 or 20.1% leads to further decreases in the pore
diameter of the composites, implying partial blockage of the
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Fig. 7 Nitrogen adsorption—desorption isotherms (a) and pore size
distribution profiles (b) of mesoporous Ta,Os and H;PW,,0,,/Ta,Os
composites.

pores. The above results are consistent with those of the TEM
and XRD, indicating that as-prepared mesoporous materials
are tailored by nonionic templates. The textural properties of
as-prepared H;PW,0,,/Ta,Os are superior to those of our
previous reported H;PW,,0,,/Ta,05-9.9-D.* The BET surface
area of H;PW,,0,/Ta,05-9.9-D is 167.3 m> g~!, but its pore
size distribution is uneven with average pore size of 1.2 and
2.5 nm, respectively. The pore volumes, 0.029 and 0.017 cm® g™',
respectively, for micropores and mesopores, are extremely low.
In the absence of the structure directing reagent, micro- and
mesopores of the H;PW,,0,,/Ta,05-9.9-D were formed due to
finer and larger intra-aggregated among particles, respectively.
The above results suggest that P123 indeed acts as a structure
directing function.

Testing of the catalysts

The insoluble nature of the H;PW,,0,/Ta,Os composite in
polar media makes this catalyst attractive for applications
in both esterification and transesterification reactions, which
are pertinent to biodiesel production. Therefore, the catalytic
performance of as-prepared H;PW,,0,,/Ta,0; was evaluated
in the esterification of lauric acid (a major saturated fatty acid
found in coconut oil) and the transesterification of tripalmitin
(a natural constituent of palm oil), separately. Afterwards,
the catalytic behaviors of the H;PW,,0,/Ta,05 were further
screened for the simultaneous esterification of myristic acid
(main FA found in nutmeg butter) and transesterification of

tripalmitin reactions. At the same time, a comparative study
was made using bulk H;PW,,0,, Ta,O;, H;PW,0,,/SBA-
15-10.9, and H;PW,0,,/Ta,05-D-9.9, respectively. Finally,
H;PW,,0,,/Ta,05 was tested via direct use of soybean oil for
the preparation of biodiesel.

Esterification of lauric acid and transesterification of tri-
palmitin. The selectivity of both reactions was evaluated firstly
over the H;PW,,0,,/Ta,05-10.8. For lauric acid esterification
with ethanol, the selectivity to ethyl laurate is close to 100%
(by GC-MS). For the transesterification of tripalmitin with
methanol, the intermediates, including methyl palmitate, di-
palmitin and monopalmitin, were identified by LC-MS. The
results suggest that the transesterification reaction catalyzed
by the H;PW,,0,,/Ta,0s at reflux is stepwise. The result is in
agreement with other work.?*** At a methanol to tripalmitin
molar ratio of 90 : 1 and 2% w/w H;PW,,0,,/Ta,05-10.8
loading, the conversion of tripalmitin to di- and mono-palmitin
is complete in 2 h. Moreover, the concentrations of di- and
mono-palmitin in the systems decreased as the yield of methyl
palmitate increased up to 10 h.

The molar ratio of alcohol to lauric acid or tripalmitin is one of
the most important factors to affect the ester yield. Theoretically,
the esterification of 1 mole of fatty acid requires 1 mole of
alcohol, while the transesterification of 1 mole of triglyceride
needs 3 moles of alcohol. Since both reactions are reversible,
the excess of alcohol can shift the equilibrium in the direction
of ester formation. Fig. 8a shows the influence of ethanol to
lauric acid molar ratio on laurate yield using H;PW,0,,/Ta,O:s-
10.8 as a catalyst. On changing the molar ratio of ethanol to
lauric acid from 1 : 1 to 7 : 1 with a constant total volume,
the yield of laurate increased from 12.7 to 100% after 3 h.
Fig. 8b shows the influence of methanol to tripalmitin molar
ratio on the yield of methyl palmitate using H;PW,0,,/Ta,O:s-
20.1 as a catalyst. The yield of methyl palmitate increased
from 3.3 to 28.4% on increasing the methanol to tripalmitin
molar ratio from 15 : 1 to 90 : 1 after 6 h. At 120 : 1 the
ester yield was reduced. The above results suggest that much
more alcohol is needed for the transesterification than the
esterification reaction so as to improve the rate of the reaction.
This is due to the stepwise nature of the transesterification
reaction. The effect of H;PW,,0,, loading on the yield of
ester during esterification of lauric acid and transesterification
of tripalmitin was studied. Fig. 9 shows the resultant ethyl
laurate and methyl palmitate yields over the H;PW,,0,,/Ta,0s
composites with different H,PW,,0,, loadings. Pure Ta,O;s is
active towards both reactions. By using Ta,Os as a catalyst (2%
w/w), the yield of ethyl laurate reached 40.2% after 3 h with
an ethanol to acid molar ratio of 3 : 1. The yield of methyl
palmitate reached 37.3% after the transesterification reaction
ran for 10 h and methanol to tripalmitin molar ratio of 90 :
1. The four tested H;PW,,0,,/Ta,05 composites all exhibited
higher catalytic activity on the two reactions compared with
pure Ta,Os under the same conditions. H;PW,,0,,/Ta,0;-10.8
is the most active among the tested catalysts with the yield of
ethyl laurate and methyl palmitate reaching 65.6 and 66.2%,
respectively, under the selected conditions. Results from the
comparative studies are shown in Table 3.
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Fig. 8 (a) Influence of the molar ratio of lauric acid (LC) to ethanol
(EtOH) on the yield of ethyl laurate. H;PW,,0,,/Ta,05-10.8 (2% w/w);
78 °C. (b) Influence of the molar ratio of tripalmitin (TP) to methanol
(MeOH) on the yield of methyl palmitate. H;PW,,0,,/Ta,05-20.1 (2%
w/w); 65 °C.

Simultaneous esterification of myristic acid and transesterifi-
cation of tripalmitin. The presence of high concentrations of
FFAs in low-cost lipid feedstock may have adverse effects on the
catalyst activity. A good solid acid catalyst must be able to carry
out both esterification and transesterification simultaneously.
Having demonstrated mesoporous H;PW,,0,,/Ta,05 compos-
ites were active in both esterification and transesterification, we
conducted a one-pot reaction with the H;PW,,0,,/Ta,0;-10.8
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Fig. 9 Time courses of esterification of lauric acid with ethanol (a,
78 °C, LC : EtOH = 1 : 3) and transesterification of tripalmitin with
methanol (b, 65 °C, TP : MeOH = 1: 90) catalyzed over the mesoporous
H;PW,,0,,/Ta,05 composites with various H;PW,,0,, loadings.

catalyst to determine whether both esterification and transester-
ification reactions could be undertaken simultaneously.

The influence of free fatty acid level on the yield of monoester
was studied by adding 20 wt% of myristic acid to a tripalmitin
transesterification system. The simultaneous esterification and
transesterification reactions were performed at 65 °C, a molar
ratio of myristic acid : tripalmitin : methanol of 1:1:90, and a
2% w/w catalyst loading. After 6 h, the yield of methyl myristate
reached 100%, while the yield of methyl palmitate was 50.7%.

Table 3 Comparison of the yield and TOF for various catalysts (2% w/w) in esterification of lauric acid and transesterification of tripalmitin

reactions

Catalyst Ethyl laurate yield (%) TOFg/min'* Methyl palmitate yield (%)° TOF;/min"
H;PW,,0,,/Ta,05-3.6 51.0 7.07 384 1.19
H;PW,,0,,/Ta,05-10.8 65.6 5.58 51.4 0.79
H,PW,,0,,/Ta,0s-15.1 54.7 2.26 45.1 0.43
H;PW,,04/Ta,0;-20.1 48.1 0.94 35.4 0.17
H,PW,,0,,/Ta,05-D-9.9 24.2 3.42 17.3 0.37
H,PW,,0,/SBA-15-10.9 20.0 4.32 9.8 0.29
H;PW,,0, 68.4 1.62 48.1 0.16
Ta,Os 40.2 — 25.3 —
Ta,05-D 9.8 — 6.3 —

“ Temperature 78 °C; ethanol to lauric acid molar ratio 3 : 1; 3 h. * TOF of esterification reaction. © Temperature 65 °C; methanol to tripalmitin molar

ratio 90 : 1; 6 h. “ TOF of transesterification reaction.
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Table 4 Reaction of soybean oil esterification and transesterification
with methanol catalyzed over mesoporous H;PW,0,,/Ta,Os

Transesterification yield (%)°

Esterification Methyl  Methyl Methyl
Catalyst yield (%)**  palmitin oleate  linoleate
H,PW,,0,,/Ta,05-3.6 > 99% 23.1 18.9 28.3
H;PW,,04/Ta,05-10.8 > 99% 24.9 20.5 30.4
H;PW,,04/Ta,0;-15.1 > 99% 18.5 15.6 22.6
H,PW,,0,,/Ta,05-20.1 > 99% 7.9 6.2 9.3

420 wt% myristic acid in soybean oil. ® Temperature 65 °C; methanol to
soybean oil molar ratio 90 : 1; 24 h.

Under the same conditions, the yield of methyl palmitate was
51.4% for a single transesterification of tripalmitin. The result
indicates that the acid catalytic activity of the H;PW,,0,,/Ta,O;
composite in transesterifications is little affected by the presence
of free FFA. This performance makes the H;PW,,0,,/Ta,0s an
ideal catalyst for biodiesel production.

Preparation of biodiesel from soybean oil. Considering prac-
tical applications of as-prepared H;PW,,0,,/Ta,O; composites,
direct use of soybean oil for the preparation of biodiesel is
tested. Soybean oil mainly consists of three kinds of triglyc-
eride, oleic, palmitic and linoleic triglyceride, and their total
content exceeds 75%, as analyzed by GC-MS. In the soybean
oil transesterification reaction, the catalyst performance was
characterized by the yield of methyl palmitin, methyl oleate and
methyl linoleate, respectively. From the results shown in Table 4,
it can be seen H;PW,,0,,/Ta,0;-10.8 and H,PW,0,,/Ta,0;-
20.1 still demonstrated the highest and the lowest catalytic
activity, respectively, towards the transesterification reaction of
soybean oil. In addition, under given experimental conditions,
esterification of myristic acid catalyzed over each of the tested
H;PW,,0,,/Ta,0s is complete.

Mechanism consideration. The reaction mechanism of
esterification and transesterification catalyzed by meso-
porous H;PW,,0,,/Ta,0O; composite is shown in Scheme 1.
Both reactions take place between acid/triglyceride and
ethanol/methanol adsorbed on acidic sites of the catalyst
surface. The protonation of the carbonyl oxygen of free fatty
acid or monoglyceride with the acidic site of the catalyst
forms a carbocation. The nucleophilic attack of alcohol to
the carbocation produces a tetrahedral intermediate. Finally,
proton migration and breakdown of the intermediate occurs.
The transesterification mechanism can be extend to bi- and
mono-glyceride and give one mole of ester in each step. Also,
as shown in Scheme 1, the catalyst is regenerated after the
esterification and transesterification.

Catalyst recycling. To evaluate the reusability and regener-
ation of as-prepared H;PW,,0,,/Ta,0s, the simultaneous es-
terification of myristic acid and transesterification of tripalmitin
reactions catalyzed by the H;PW,0,,/Ta,05-10.8 were repeated
five times. After the reaction, the catalyst was removed by hot
filtration. The catalyst-free reaction solution was analyzed by
ICP-AES to estimate the drop of H;PW,0,,. As expected, P and
W were hardly detected in this solution, implying high stability
of as-prepared H;PW,0,,/Ta,0s. The recovered catalyst was

used for the second and third runs under the same conditions,
and the methyl myristate yield decreased to 88.9 and 66.1%,
respectively. At the same time, the yield of methyl palmitate is
46.3 and 33.8%, respectively. However, we still did not detect
P and W in the catalyst-free reaction solutions. Therefore, we
regenerated the catalyst by hot ethanol and hexane washing
overnight, and then calcined the catalyst at 300 °C in vacuum.
The reactivated catalyst was used in the fourth and fifth catalytic
runs. The methyl myristate yield obtained was 96.6 and 94.9%,
respectively. And the yield of methyl palmitate is 49.1 and 48.2%,
respectively. The above results imply that the decreased activity
of H;PW,,0,,/Ta,05-10.8 is mainly due to surface adsorption
of the catalyst with polar (e.g. methanol or glycerol) or non-
polar (e.g. methyl myristate or methyl palmitate) compounds. A
similar result has also been reported elsewhere.? The catalyst
recycling tests also further confirmed the strong interaction
existed between the Keggin unit and Ta,Os support: an especially
important property for the supported POM catalyst.

Based on the above catalytic test results and physicochemical
properties of the tested catalysts, the reasons behind the
higher activity of as-prepared mesoporous H;PW,0,,/Ta,0s
composites towards both esterification and transesterification
reactions can be deduced. Firstly, stronger Bronsted acid sites in
mesoporous H;PW,,0,,/Ta,O5 composites ensure the reactions
proceed at an acceptable rate. After incorporation of the
Keggin unit into Ta,Os support, (=TaOH,),*[H;_,PW,0,]""
species were formed at the surface of the composite catalyst
via Ta—O-W bonds. Consequently, electron transfer from the
terminal oxygen atoms within W=O groups to Ta,Os; may
occur, leading to charging of the composite surface, which
could promote the release of protons and increase the Bronsted
acidity of the composite. Additionally, the strong interaction of
the Keggin unit and Ta,O; support may lead to lower proton
releasing energy and resulting in an increase of the Bronsted
acidity of the catalyst. This coincides with the XPS results
(Fig. 4) showing that the BE of W 4f, O 1s, and Ta 4f all had a
slight shift to low values after incorporation of the Keggin unit
into the Ta,Os support. A similar explanation has been reported
for titania supported H;PW,,0,, composite.®* Secondly, as-
prepared H;PW,0,,/Ta,Os composites exhibit unique surface
textural properties, including larger interconnected pore struc-
ture with high porosity, uniform pore size distribution and
homogeneous dispersion of the Keggin unit throughout the
composite, which has played an important role in improving
the catalytic activity. A larger interconnected pore structure and
uniform pore size distribution would minimize diffusion prob-
lems of molecules having long alkyl chains, while homogeneous
dispersion of active site can increase the accessibility to their
acid sites, and high porosity of the composite may give rise to
a higher population of available acid sites. All of these char-
acteristics ensure as-prepared mesoporous H;PW,,0,,/Ta,0s
composites give significantly high reactivity in esterification and
transesterification reactions compared with H;PW,,0,,/Ta,0O;
prepared without a neutral template (H;PW,0,/Ta,0s-D-
9.9). Among the four tested mesoporous H;PW,,0,/Ta,0s
composites, H;PW,,0,/Ta,0;-10.8 and H;PW,0,/Ta,0;-
20.1 demonstrated the highest and the lowest catalytic activity,
respectively, towards both reactions. This is due to the fact
that higher H;PW,,O, loading (above 10.8%) resulted in the
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Scheme 1 Esterification of lauric acid (A) and transesterification of tripalmitin (B) catalyzed over the H;PW,,0,,/Ta,O5s composite.

blockage of part of the pores of Ta,Os matrix thereby decreasing
the porosity of the composite (Table 1).

Finally, it should be emphasized that contribution of
Bronsted acidity is more important for the catalytic activity
compared to surface physicochemical properties of POM-

containing composite catalysts. The conclusion is supported
by the testing results of mesoporous H;PW,,0,,/Ta,05-10.8
and H;PW,,0,,/Si0,-10.9, where the latter was prepared
with the same route of the H;PW,0,/Ta,0;. At the same
H;PW,0, loading, the H;PW,0,,/S10,-10.9 showed a much
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lower catalytic activity with respect to the H;PW,0,,/Ta,O:s-
10.8 (Table 3). However, the H;PW,0,,/S10,-10.9 had a much
larger BET surface area (727.8 m? g™!), pore diameter (6.3 nm)
and pore volme (0.92 cm® g7').? A lower catalytic activity of
the H;PW,,0,,/Si0,-10.9 is attributed to its weaker Bronsted
acid sites. For a silica-supported H;PW,0O, composite, it is
impossible to form W-O-Si bond due to mismatching of the
electronegativity and ionic radius of W** and Si** (1.8, 0.026 nm).
Thus, the ability of proton release is weaker than that of Ta,Os-
supported H;PW,0, composite.

Conclusions

The present work demonstrated a novel POM-containing
environmentally friendly solid acid composite catalyst,
H;PW,,0,,/Ta,0;. The composite exhibited significantly high
catalytic activity, selectivity and stability towards biodiesel
production under mild conditions. The excellent catalytic perfor-
mance of the as-prepared composite catalyst is mainly attributed
to stronger acid sites of the composites than homogeneous
H;PW,,0,, or Ta,Os owing to the strong interaction of Keg-
gin units and surface hydroxyl groups of Ta,Os; additionally,
the unique surface physicochemical properties of the composite,
including larger three-dimensionally interconnected pore, larger
BET surface area, high porosity, uniform pore diameter and
homogeneous dispersion of the Keggin unit throughout the
composite, played an important role in this enhanced catalytic
activity.
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Cellulose triacetate (CTA) is CO,-insoluble primarily due to its crystallinity, but oligomers of
CTA have been shown to be highly CO,-soluble. These oligomers were generated via the
pivalolysis of high molecular weight CTA. The resultant mixture of oligomers was fractionated
with organic solvents, and the CO,-solubility of the each fraction was determined at 300 K. The
fluid phase behavior of mixtures containing CO, and oligo-CTA composed of one to four
per-acetylated monosaccharide repeat units was determined over the 0.1-5 wt% oligo-CTA range.
In this concentration range, only bubble points were observed for the monomer. Both bubble
points and dew points were observed for the dimer, trimer and tetramer. At a concentration of

5 wt% of oligo-CTA, two-phase pressures of 6.14, 7.38, 9.51 and 13.24 MPa were measured for the

monomer, dimer, trimer and tetramer, respectively.

Introduction

The inexpensive, non-toxic, non-flammable nature of supercriti-
cal carbon dioxide (scCO,) has led to the exploration of its use in
many processes of both laboratory and industrial scale in order
to replace hazardous organic solvents. Numerous successful
applications of scCO, have been found in the areas of super-
critical fluid extraction,' supercritical fluid chromatography,*’
reaction engineering,*'® injection modeling and extrusion,
particle formation,'™* electronic chip manufacturing,’>* dry
cleaning,"” sand binder,”® and polymerization.’*?® A significant
technical barrier to the use of CO, in even more applications is
the low solubility of many high molecular weight and/or polar
compounds in this feeble solvent, and the limited availability of
inexpensive CO,-philic ligands that can be used to enhance the
solubility of compounds in scCO,. For example, many biolog-
ically derived materials are highly polar and thus exhibit very
low solubility in liquid and supercritical CO,. Although highly
CO,-philic moieties, such as polyfluoroacrlylates and polyfluo-
roethers, have been used to generate CO,-soluble compounds,
the inherent disadvantages of the fluorous materials include
high cost and poor environmental degradability. Therefore, it is
highly desirable to discover lower cost environmentally benign
compounds that have the potential to be incorporated as the
CO,-philic segments of CO,-soluble surfactants, dispersants,
chelating agents and co-polymers.

Raveendran and Wallen suggested that acetylation of poly-
hydroxyls, such as carbohydrates, is an excellent method for
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Science Center, 219 Parkman Avenue, Pittsburgh, PA, 15260, USA
*Department of Chemical and Petroleum Engineering, University of
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+ Electronic supplementary information (ESI) available: Fig. A. MALDI
spectrum of pivaloylysis products of CTA after 48 hours. See DOI:
10.1039/b800812d

making these compounds highly CO,-philic.?** Although CO,
has a zero dipole moment, it is a charge-separated molecule
with a non-zero bond dipole moment, which results in a
significant quadrupole moment.?** The solvation power of CO,
is attributed to this large quadrupole moment. The quadrupolar
charge separation results in a partial positive charge on the
carbon and partial negative charges on the electronegative
oxygens, therefore CO, can act as a Lewis acid and a Lewis base,
as shown in Fig. 1.2'%%?7 This interaction provided approximately
0.5 kcal mol~" additional stabilization energy.?

H H-"
H (b)

Fig.1 Schematic diagram of interactions between CO, and CO,-philic
group, (a) CO, as a Lewis acid (C=0- - - Cco, ); (b) CO, acts as a Lewis
base (C-H - - - Oco,).

Our ab initio molecular simulation studies demonstrated that
the ether or ester oxygens in the side chain are as important as the
carbonyl oxygens in facilitating CO,-philicity.? Three different
optimized binding modes were identified through optimizations,
as shown in Fig. 2, in which isopropyl acetate (IPA) was used
to model a single poly(vinyl acetate) repeat unit. The large red
spheres, large grey spheres and small white spheres represent
oxygen atoms, carbon atoms and hydrogen atoms, respectively.
The dashed lines denote the interaction points between two
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Fig. 2 Favorable binding geometries for the isopropyl acetate
(IPA)/CO, complex through ab initio calculations; (a) is ether
oxygen/CO, binding; (b) and (c) are carbonyl oxygen/CO, binding.”

molecules. The interaction energies are —14.8 kJ mol™' for
ether oxygen binding shown in Fig. 2(a), and —14.2 and
—15.9 kJ mol™', for the carbonyl oxygen binding shown in
Fig. 2b and 2c, respectively.

As one of the most common biologically produced materials,
saccharides are not only found in starch, glycogen and cellulose,
but also used in a number of industrial applications, such as
fibers, films, adhesives, thickeners, gellants, emulsifiers, drug
delivery agents and delivery systems of many commercial
products. Saccharides are ususally classified by the number
of saccharide units they contain, such as mono-, di-, tri-
tetra-, oligo- and polysaccharides. Produced from biological
compounds, saccharides are generally renewable, non-toxic
and biodegradable. A preliminary study has found that some
acetylated mono- and di-saccharides exhibited remarkably high
solubility in CO,. The combination of the environmentally
friendly features of sacchrides and CO, will promisingly open
numerous doors in designing processes based on green chemistry
and engineering.’

Raveendran and Wallen studied the solubility of three sugar
acetates in liquid and supercritical CO,. B-forms of 1,2,3,4,6-
pentacetyl-D-glucose (BGLU) melted in CO, at about 55.9 bar
and 296 K. This melting point depression reflects the strong
affinity between the solvent CO, and the solute BGLU. o-
forms of 1,2,3,4,6-pentacetyl-D-glucose (AGLU) exhibited a
lower deliquescence point than that of BGLU by approximate
6-7 bar, while the third sugar, 1,2,3,4,6-pentacetyl B-D-galactose
(BGAL), does not exhibit this behavior. All of the per-acetylated
sugar derivatives completely dissolve in liquid and supercritical
CO, at a high concentration up to 30 wt% under a relatively
mild pressure (<11 MPa).”2

Our group has studied the phase behavior of various per-
acetylated sugar derivatives in CO,. The solubility of B-D-
galactose pentaacetate in CO, was measured at 298 and 313 K,
which showed very low bubble points, e.g. 6.34 MPa at 298 K and
5 wt%.*" A series of peracetylated cyclodextrins (per-acetylated
o-, B-, and y-cyclodextrin) exhibited high solubility in dense CO,.
The two phase boundaries of the CO,-peracetylated cyclodex-
trins, below and above the CO, critical temperature, were very
flat at cyclodextrin concentrations greater than 15 wt%. All these
results suggested that the per-acetylated cyclodextrins are highly
accessible for favorable Lewis acid:Lewis base interactions with
CO,.* Our group also determined the global phase behavior for
a binary mixture of the CO,-philic solid B-D-maltose octaacetate
(MOA) with carbon dioxide. MOA is a representative compound
for acetylated CO,-philic compounds that exhibit melting point
depression and high solubility in dense CO,. In the global
pressure vs. temperature phase behavior, a distinguishing feature
of this system was the long three-phase VL, L, line that extends
over a range of more than 20 K.*

Given the extraordinary solubility of many per-acetylated
monosaccharides, disaccharides and cyclodextrins in CO,, one
might expect that a polymer based on a repeat unit of per-
acetylated saccharides, cellulose triacetate, would exhibit a
high degree of solubility in CO,. Although cellulose triacetate
(CTA) (M,, = ~103000 g mol™'), a commercially available
polysacchride, can be plasticized in the presence of dense CO, as
evidenced by a slight softening of the CTA pellets and an increase
in their transparency, this per-acetylated polysaccharide was
observed to be insoluble in CO, over the 298-448 K temperature
range at pressures up to 52 MPa.*! This insolubility may be
attributed to the high crystallinity of the high molecular weight
CTA, although the very high molecular weight of the CTA may
also contribute to its poor solubility in CO,.

Having established that per-acetylated monosaccharides (see
Fig. 3a),*! and disaccharides (see Fig. 3b)*® can exhibit very
high solubility in CO, while CTA is completely CO,-insoluble,
we propose that CTA oligomers are promising candidates for
inexpensive and environmentally benign compounds with high
CO,-solubility. The objective of this work was to determine
the CO, solubility of CTA oligomers, as shown in Fig. 3. If
oligo-CTA is CO,-soluble, it may serve as a potential CO,-
philic compound or as the CO,-philic portion of amphiphilic
compounds designed for enhancing CO, as an alternative
solvent to common organic solvents. In this study, the isothermal
phase behavior of several oligo-CTA + CO, mixtures was studied
at 300 K.

AcOH,C 0. OAC

OAc
AcO

OAc
(@) (b

Fig. 3 A per-acetylated monosaccharide and disaccharide, where
o

Ac= —C—CH;, (a) p-D-galactose pentaacetate; (b) p-D-maltose oc-
taacetate (MOA).
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Table 1 Phase equilibrium data for CTA oligomers + CO, binary
system at 300 K*

Oligomer wt%

in solution Monomer  Dimer Trimer Tetramer
0.1 — — 6.52(BP) 6.56 (B.P)
0.2 — — 6.56 (B.P) 6.52 (B.P)
0.3 — — 6.58 (B.P)

1 6.14(B.P)* 6.55(B.P) 7.17(D.P)y 8.14(D.P)
2 6.14(B.P) 658(B.P) 8.27(D.P) 9.93 (D.P)
3 621 (B.P) 6.55(BP) 8.55(D.P) 11.31(D.P)
4 6.10(B.P) 7.03(D.P) 9.383(D.P) 12.13(D.P)
5 6.14(B.P) 7.38(D.P) 9.51(D.P) 13.24(D.P)

“CO, vapor pressure at 300K: 6.71 MPa.*® *B.P.: VL bubble point.
¢D.P.: L,L, dew point.

Results and discussion

The bubble point and dew point data for the four binary
mixtures are listed in Table 1 and illustrated in Fig. 4. For the
CO, + monomer system, only bubble points were observed.
A three-phase VL,S equilibrium line was identified while a
VL,L, equilibrium line was not observed. The general nature
of the corresponding pressure—composition (P-x) diagram for
such systems is illustrated in Fig. 5, the P-x diagram for solid-
supercritical fluid system depicted by McHugh and Krukonis.**
The small box labeled A within Fig. 5 qualitatively represents
the region where the bubble point loci were measured.

P IMPa

¢ wt%
Fig.4 Pressure-composition diagram for CO, + CTA oligomer system
at 300 K. A represents the monomer’s VL bubble point; [J and W
represent the dimer’s VL, bubble point and L, L, dew point, respectively;
¢ and ¢ represent the trimer’s VL, bubble point and L,L, dew point,
respectively; O and @ represent the tetramer’s VL, bubble point
and L, L, dew point, respectively.

The phase behavior of the CO, + CTA dimer, CO, + trimer,
and CO, + tetramer systems are consistent with the novel type
of phase behavior for solids that melt and dissolve in dense
CO,.*® These diagrams are characterized by two three-phase
equilibrium lines, VL,L, and VL,S, as shown in Fig. 6. The
observation of melting point depression was identified by VL,L,
equilibrium. (L, is the CO,-rich liquid, L, is the CTA-rich
liquid.) Both VL,L, and VL,S equilibria were observed in the

CO2 L L-S

Vapor
Pressure

Monomer

Pressure (Mpa)

v

Pure COz (1)

wit% of Oligomer in COz Pure Sample (2)

Fig. 5 General pressure-composition (P-x) phase diagram for classic
sub/supercritical CO, + heavy solid system.**

COz L L2-S
Vapor
Pressure

g/ v
=
o
5
@ |
ﬂ: -y
o ® V-l

Dimer, Trimer,

and Tetramer V-Lo-S

V-8
v
Pure COz (1) wi% of Oligomer in COz Pure Sample (2)

Fig. 6 General pressure-composition (P-x) phase diagram for the
subcritical CO, + CO,-philic solid system.*

binary mixtures of CO, with either the CTA dimer, trimer or
tetramer. The dotted-line box “B” within Fig. 6 qualitatively
represents the region where the data was collected for the
CO, + dimer/trimer/tetramer systems. Note that the VL, region
became smaller as the molecular weight of the oligomer increases
from the dimer to the tetramer. Table 2 shows the three phase
equilibrium pressure values for all the CO, + CTA oligomer
mixtures. It is noted that the bubble point pressures in Table 1 are
close to the VL, L, three equilibrium pressures. This is attributed
to the small size of VL, region and the experimental uncertainty
associated with the pressure measurements.

Table 3 lists the solubility data at Swt% in CO, obtained in
this work and those of per-acetylated polysaccharides reported

Table 2 Three phase equilibrium data of all the oligomers at 300 K

VL,L,/MPa VLS/MPa
Monomer — 5.24
Dimer 6.55 5.07
Trimer 6.58 3.65
Tetramer 6.41 4.48
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Table 3 The miscibility pressures of per-acetylated polysaccharides at the concentration of Swt% in CO, at 298-300 K

Name MW  #ofsacchariderings  Two-phase equil. P at 5 wt% (MPa)  Exp. temp/K  Ref.

CTA monomer 497 1 6.14 300 This work
B-D-Galactose pentaacetate (GPA) 390 1 7.39 298 31

CTA dimer 785 2 7.38 300 This work
B-D-Maltose octaacetate (MOA) 679 2 6.89 298 33

CTA trimer 1073 3 9.51 300 This work
CTA tetramer 1361 4 13.24 300 This work
o-Cyclodextrin octadecaacetate (6-PACD) 1729 6 28 298 32
B-Cyclodextrin heneiicosaacetate (7-PACD) 2017 7 28.2 298 32
v-Cyclodextrin tetracosaacetate (8-PACD) 2305 8 31 298 32

in the literature, which include galactose pentaacetate, maltose
octaacetate, and per-acetylated cyclodextrins. Generally, the
miscibility pressures exhibit an increasing trend with increasing
number of saccharide rings. The branched pivalate structure
leads to a larger molecular weight for CTA oligomers compared
to the per-acetylated mono- and disaccharides that have same
number of saccharide rings. With one saccharide ring, the
CTA monomer exhibited slightly higher solubility compared to
that of B-D-galactose pentaacetate. However, the CTA dimer
exhibited a slightly lower miscibility than its two-ring per-
acetylated analog B-D-maltose octaacetate (MOA) at 5 wt%.
At this point, we are unable to provide a convincing explanation
for this effect, in that we expected the per-acetylated saccharides
to be more CO,-soluble that the saccharides with the acetyl
groups and z-butyl groups for all oligomers.?** Perhaps the
tert-butyl groups reduce the intra-molecular interaction among
the CTA monomers, resulting in a lower cohesive energy and
consequently higher solubility than -D-galactose pentaacetate.

Ardntet. al. reported many new reactions based on those CTA
oligomers.* The reactions, although they are not in common use,
will offer numerous opportunities for designing and synthesizing
novel environmentally acceptable CO, soluble materials which
will significantly enhance the role of CO, as a green alternative
to the common organic solvents.

Experimental
Materials

Cellulose acetate (39.8 wt% acetyl content, average M, = 30000
(GPC)), anhydrous dichloromethane, boron trifluoride diethyl
etherate, and pivalic anhydride were obtained from Aldrich.
Acetic acid, perchloric acid, sodium bicarbonate, and silica
gel (60-200 mesh) were purchased from J. T. Baker. Acetic
anhydride and cyclohexane were obtained from Fisher Scientific.
Ethyl acetate was purchased from EMD Chemicals Inc. All the
chemicals were used as received without further processing.

Synthesis of cellulose triacetate (CTA) oligomers

Cellulose acetate was first fully acetylated to form cellulose tri-
acetate. We then employed a recently reported CTA degradation
method, pivaloylysis, as shown in Fig. 7, to prepare CTA
oligomers. The technique avoids the presence of aggressive acid
catalysts widely used in the conventional degradation methods
for polysaccharides. Those methods bring severe impacts on

RO RO
/ﬁ/ w CH;COOH, acetic anhydride
T d -~
RO or__ RO OR |n HCIOy, 2h, 1t
o}
R=H or Ac <—g—CH3>

cellulose acetate, Mw=30,000, 39.8wt% acetyl content

AcO AcO
© BF; Et,0, Piv,0
o O, / R ’
0 CHaCls, 36h, 40 °C
AcO OAc AcO OAcln

AcO
¢}
¢}
0 OJ’/%
AcO OAc
n

Fig. 7 Pivaloylysis of cellulose triacetate® MW = 288n + 186.

environment and lead to more or less undesired degradation
products. Pivaloylysis offers a great opportunity to attain short-
chain polysaccharides in a milder and efficient way. The products
can be easily obtained by common separation methods such as
column chromatography and preparative liquid chromatogra-
phy. More importantly, the pivaloylysis products would have
pivalate as the end group rather than a CO,-phobic hydroxyl
end group.

Cellulose acetate (Aldrich) was first fully acetylated in acetic
acid, acetic anhydride and perchloric acid. After washing
with sodium hydrogen carbonate solution and pure water
alternately, the dried 2,3,6-tri-O-acetyl-cellulose was degraded in
dichloromethane using pivalic anhydride and boron trifluoride
diethyl etherate. The reaction was ended after 48 hours and the
oligomeric products were separated by column chromatography
using the mixture solvent of cyclohexane and ethyl acetate as the
eluent system. Mono-, di-, tri- and tetra- acetylated saccharides
were obtained via a previously described solvent extraction
technique.** MALDI-TOF (PerSeptive Voyager STR MS, Cen-
ter for Molecular Analysis (CMA), Carnegie Mellon University)
was performed on the fractions to verify the molecular weight,
and therefore number of saccharide rings, in each fraction. As
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Table 4 Melting points of the CTA oligomers

CTA oligomers Monomer  Dimer Trimer Tetramer

Melting Point/°C 63-64 170-173  190-191  206-208

shown in the ESI, T although the MW of the oligo-CTA is (288n +
186) by calculation, the measured MW values (288n + 209) are
slightly higher because of the presence of the sodium ion (MW =
23) introduced by the characterization technique. The major
peak of the MALDI results for the monomer, dimer, trimer
and tetramer agreed with the expected values of 497, 785, 1073
and 1361, respectively. The melting points of the oligomers were
measured by a melting point apparatus (Electrothermal®) and
are listed in Table 4.

Phase behavior measurement

The phase behavior of the CO, + oligo-CTA systems was
studied using a non-sampling technique involving isothermal
compression and expansion of binary mixtures of known overall
composition. Described in detail elsewhere in the literature
are the techniques used to obtain dew point and cloud point
curves, critical points and three-phase loci for mixtures of
CO, and polymers* or small compounds.*** The pressures
for two-phase boundaries were measured three times, with a
reproducibility of £0.2 MPa. Three-phase pressures were also
recorded three times, with a reproducibility of +0.1 MPa.

Conclusions

The CO,-solubility of CTA oligomers prepared by pivaloyl-
ysis was examined. Oligomers with one to four repeat units
were fractionated and characterized. Each of these oligomers
exhibited remarkably high CO, solubility. As expected, as the
number of repeat units increased, the pressure required to
attain miscibility over the 0.1-5 wt% concentration range also
increased. For the CO, + dimer, CO, + trimer and CO, +
tetramer systems, the phase diagrams are characterized by
VL, L, and VLS equilibrium lines that are associated with binary
systems of CO, and CO,-philic solids.** Cellulose triacetate
oligomers may therefore constitute a new group of CO,-philic
compounds suitable for the design of CO,-soluble compounds.
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Phase equilibria in ternary mixtures of the ionic liquid bmim|BFj],
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In order to optimize reaction and separation processes, knowledge of the phase behaviour of the
system is of fundamental importance. In this contribution we present the solid-liquid and
liquid—vapour equilibria of the ternary system 1-butyl-3-methylimidazolium tetrafluoroborate +
(S)-naproxen + carbon dioxide. Five different samples were studied, with CO, concentrations
ranging from 10 to 50 mol%, and pressure and temperature conditions of 1 to 14 MPa, and 310 to
370 K, respectively. It is shown that the amount of CO, influences not only the location of the
homogeneous liquid phase region, but also the extension of the region in which it occurs. Based
on the collected experimental data, optimum pressure and temperature conditions can be selected
for the precipitation of (S)-naproxen from the ionic liquid in order to improve the efficiency of the

separation.

Introduction

The increasing concern regarding the environment is direct-
ing scientists’ attention to novel processes based on greener
technologies. The quest for atom-efficient synthesis, benign
solvents, and sustainable technology combined in highly efficient
synthesis—extraction processes is of interest for all types of
industry. Particularly, pharmaceutical companies are facing
substantial challenges to replace their troublesome processes to
more environmentally-friendly ones. For instance, the syntheses
of drugs quite often are based on multi-step reactions involving
large amounts of organic solvents and generating undesirable
by-products as well. The E-factor developed by R. A. Sheldon'
shows that pharmaceutical companies are the ones producing
the most waste, from 25 to 100 kg of waste per kg of product.
Part of this waste is the release of volatile organic solvents into
the atmosphere.

To reduce the amount of volatile organic solvents (VOSs) used
in industry, ionic liquids are emerging as an attractive alternative
in synthesis and extraction processes. Ionic liquids are calling
attention due to their notable properties like their negligible
vapour pressure, the possibility of designing the ionic liquid
according to one’s need, their non-flammability, large liquidus
range and high thermal stability, to mention only a few.

Besides ionic liquids, supercritical fluids are also good can-
didates for replacing VOSs. Among the most studied super-
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critical fluids is carbon dioxide: it is cheap, easily available,
non-flammable, non-toxic and has mild critical pressure and
temperature (7. = 304.25 K and P, = 7.38 MPa).}

Consequently, it is not surprising that there is an increasing
interest in environmentally-benign processes based simultane-
ously on ionic liquids and supercritical carbon dioxide (scCO,).
An article published by Blanchard et al* is one of the land-
marks that showed scientists how profitable a process based
on ionic liquids and CO, could be. It was shown that when
scCO, is used to extract compounds from the ionic liquid
medium, no detectable amount of ionic liquid will be present
in the supercritical phase, ie., the finally extracted product
will be free of any contamination of both the ionic liquid and
scCO,. Moreover, it is known that ionic liquids can be used
as an excellent reaction medium or even act as immobilized
catalysts. Furthermore, carbon dioxide can be used to control
the number of fluid phases of a system, as well as acting as
a solvent to extract the product from the ionic liquid rich
phase.

Based on a phenomenon discussed by Gauter ez al.,>* Scurto
et al” found that CO, could be used to change the miscibility
of an ionic liquid with organic solvents. An application of the
miscibility switch phenomenon is that reactions can be carried
out in a single phase and products can be extracted from the
heterogeneous system.

Recently, Kroon et al.® showed that it is possible to perform
reactions in ionic liquids and extract the products with very
high purity using supercritical carbon dioxide. This combined
approach offers unique advantages: there is no solvent release
into the atmosphere, both the ionic liquid and CO, can be
recycled during the process, recovery of the product is easily
done by simply decreasing the pressure and the product is
obtained without any contamination by the solvent and/or the
catalyst.

This significant finding encouraged various groups to inves-
tigate in more detail systems with carbon dioxide and ionic
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liquids as the major constituents, both experimentally and
theoretically.®™

In order to replace an existing synthesis of pharmaceutical
compounds by an ionic liquid—CO, based process, knowledge
of the phase behaviour is of crucial importance. This is
especially the case when there is an interest in applying the
miscibility switch phenomenon, as identification of the location
of homogeneous and heterogeneous regions is necessary to select
optimum pressure and temperature conditions for the process.

Therefore, in this study we present the phase behaviour of
ternary mixtures of 1-butyl-3-methylimidazolium tetrafluorobo-
rate (bmim[BF,]), (S)-naproxen (Fig. 1) and carbon dioxide. This
work is the initial part of a more complex and extensive study
which includes the complete synthesis followed by extraction
of the product from the ionic liquid medium. Based on the
experimental data obtained in this work, the pressure and
temperature conditions can be selected for optimum efficiency
of extraction of the solute by precipitation from the ionic liquid
phase.

HC, H

SNASINT TN - OH
+) BF. =
CeT oY

Fig.1 Molecular structure of the ionic liquid bmim[BF,] and the solute
(S)-naproxen.

(S)-(+)-2-(6-Methoxy-2-naphthyl)propionic acid (in this arti-
cle referred to as (S)-naproxen) is a widely used non-steroidal
anti-inflammatory drug (NS-AId). Recent research suggests
that some NS-AIds can be also used for cancer prevention,'
which might increase its production. Therefore, improving the
synthesis of this compound will not only contribute to the benefit
of health conditions of our society, but also offers enormous
advantages for environmental protection.

Experimental
Materials

The following chemicals were used in this work:

—bmim[BF,]: 1-Butyl-3-methylimidazolium tetrafluorobo-
rate was synthesized in our facilities according to a known
procedure.’® Water content was determined by Karl-Fischer
analysis to be as high as 350 ppm, and the ionic liquid was stored
in a desiccator under vacuum conditions with phosphorous
pentoxide.

—Carbon dioxide: carbon dioxide was purchased from Hoek-
Loos B.V., with 99.995% purity.

—(S)-Naproxen: the solute (S)-naproxen (CAS number:
22204-53-1, melting point = 427.6 K'5) was purchased from TCI
Europe nv with minimum purity of 99%, and used as received.

Equipment

Solid-liquid and liquid—vapour boundaries were measured
by a synthetic method with the Cailletet apparatus. In this
apparatus phase changes can be observed visually. Operational
temperatures are from 278 to 368 K, and pressure is limited to a
maximum of 14.0 MPa.

This equipment basically consists of a thick-walled Pyrex
glass-tube closed at one end, where a sample of known overall
composition is confined. A stainless steel ball moved up and
down by two reciprocating magnets to stir the sample. The
open end of the tube is mounted into an autoclave, where
mercury is used as a sealing fluid to the sample, as well as
pressure transmitting fluid from a pressure generating system.
The Cailletet tube is surrounded by a heat-transferring fluid,
which circulates in a glass jacket. The thermostat liquid (water)
ensures that during measurements, the temperature of the
sample is constant at a desired value. The platinum resistance
thermometer is mounted close to the top of the Cailletet tube and
the temperature is measured with a maximum error of £0.02 K.

After setting the temperature, pressure is varied by means
of a dead weight pressure gauge until the last crystal (for solid—
liquid equilibria) or the last bubble (for liquid-vapour equilibria)
disappears. The accuracy of the pressure measurements is
+0.03% of the reading.

A scheme of the Cailletet apparatus with the Cailletet tube is
depicted in Fig. 2.

Fig. 2 The Cailletet apparatus. Legend: A, autoclave; B, magnets;
C, capillary glass tube; D, drain; E, motor; H, rotating hand pump;
Hg, mercury; I, thermostat liquid in; L, line to dead weight pressure
gauge; M, mixture being investigated; Ma, manometers; O, thermostat
liquid out; Or, hydraulic oil reservoir; P, closing plug; R, Viton-O-rings;
S, silicone rubber stopper; T, mercury trap; Th, glass thermostat; V,
valve.

Sample preparation

To prepare the sample, a known amount of bmim[BF,] was
inserted into the Cailletet tube with a micro-syringe. (.S)-
Naproxen was then added to the ionic liquid inside the tube
in the form of pellets, aiming a constant composition of 5 mol%
relative to the ionic liquid.

The tube containing bmim[BF,] and (S)-naproxen was then
connected to the equipment in which degassing of the mixture is
carried out, ensuring that no other gas was present in the sample.

This journal is © The Royal Society of Chemistry 2008
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Even in small amounts, presence of other gasses could lead to
significant errors during the measurements.

After degassing of the sample, carbon dioxide was added
volumetrically to the tube according to a desired concentration.

The tube, now containing the three components, was sealed
with mercury and mounted into the Cailletet equipment.
Pressure and temperature measurements were taken for each
phase transition, respecting the limitations of the equipment,
i.e. up to 14 MPa for the pressure and temperatures between 310
and 370 K.

This procedure was repeated for five samples in a concen-
tration range of CO, in the ternary system varying from 10 to
50 mol%.

Results and discussions

Experimental data collected for solid-liquid and liquid—-vapour
transitions in the ternary system bmim[BF,] + (S)-naproxen +
CO, are given in Table 1. As mentioned in the previous section,
the concentration of the solid solute was kept at an approximate
concentration of 5 mol% in bmim[BF,] at a carbon dioxide-free
basis. The CO, concentration in the ternary system varied from

Table 1

10 to 50 mol%, respecting the pressure limitations of the Cailletet
apparatus.

The location of the homogeneous liquid (L) region, the
heterogeneous solid-liquid (S + L) and liquid—vapour regions
(L + V) are represented in Fig. 3. This Figure applies for the
sample of the ternary system with 39.98 mol% of CO,.

To facilitate interpretation and allow comparison of the effect
of increase in CO, concentration in each sample, Fig. 4 illustrates
the data comprised in Table 1 in a pressure versus temperature
diagram.

From this Figure, it is possible to notice that a concurrent
effect arises from the increase of the carbon dioxide molar
fraction in the system. As expected, the higher the concentration
of CO, in the ternary system, the higher the pressure needed to
completely dissolve it in the mixture bmim[BF,] + (S)-naproxen.
This effect results in a shift of the L + V boundaries up to higher
pressures. Earlier investigations from our group showed similar
behaviour for CO, solubility in a ternary system with other
organic compounds.*?

By adding CO, to the ternary system the solid-liquid bound-
ary shifts to lower temperatures. In this case, the higher the
concentration of CO,, the lower is the temperature needed

Experimental data for solid-liquid and liquid—vapour boundaries in the ternary system bmim[BF,] + (S)-naproxen + CO,. x¢o,: molar

fraction of CO, in the ternary system; Xsup co,-te: molar fraction of (S)-naproxen in bmim[BF,]

Xco, X(S)nap COp-free” Transition P/MPa T/K P/MPa T/K
0.1071 0.0495 L+V—L 1.233 328.28 1.773 353.24
1.327 333.32 1.892 358.24
1.432 338.30 2.012 363.29
1.543 343.28 2.133 368.30
1.658 348.27
S+L—L 1.398 321.91 5.899 320.62
2.398 321.62 7.400 320.86
3.898 321.07 10.899 320.74
4.899 320.80 11.899 320.88
0.2048 0.0520 L+V—>L 2.238 317.80 3.985 354.89
2.691 328.53 4.185 358.57
3.051 336.27 4.501 364.52
3.419 343.90 4.691 367.86
3.686 349.11
S+L—>L 2.356 317.52 4.057 317.86
3.057 317.62 5.056 317.86
0.3093 0.0497 L+V—L 3.965 319.24 6.810 351.70
4.450 325.10 7.525 358.79
5.175 333.77 8.055 363.9
5.815 340.84 8.559 368.68
S+L—>L 4.055 316.72 8.053 317.34
5.055 317.18 9.053 317.36
6.055 317.30 10.053 317.49
7.055 317.31
0.3998 0.0554 L+V—L 6.019 318.33 10.411 348.14
6.919 325.18 11.803 3559
8.156 334.19 13.139 362.94
9.111 340.38
S+L—>L 6.055 315.11 10.053 315.88
7.055 315.34 11.054 315.99
8.055 315.58 12.055 316.09
9.055 315.64
0.5045 0.0486 L+V—L 9.052 313.01 12.052 313.41
10.052 313.24 13.052 313.63
11.052 313.35
S+L—L 8.503 313.37 13.363 326.53
10.072 318.36

“ Because the addition of solid was done separately for each sample, it was not possible to keep the ratio (S)-naproxen : bmim[BF,] constant at 5.0%
for all the samples.
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S+L

L+V

300 S'in szlo azlw m ﬁ'.n al'm 370
T

Fig. 3 Phase diagram for the ternary system bmim[BF,] + (S)-napro-

xen + CO,, with a mol fraction of 0.3998 CO,. See Table 1 for the

numerical values of the experimental data.

to dissolve the solid and to obtain a homogeneous liquid
phase.

The combination of both effects as described above, caused
the homogeneous L region to shift to higher pressures for
higher concentrations of carbon dioxide. Although the shift of
the S + L boundary to lower temperatures results in milder
temperature conditions to obtain an homogeneous phase and
therefore increase the temperature range in which it is found,
the effect of CO, concentration is more pronounced for L + V
boundaries, resulting in a shrink of the homogeneous L phase in

T There is a considerable scattering in data measured for 10 mol% CO,.
This scatter can be explained by the troublesome measurement of solid—
liquid boundaries. The visualization of complete disappearance of the
solid phase is problematic, especially when the solid phase is present as
very fine, disperse particles. For low concentrations of carbon dioxide,
the co-solvent effect is less pronounced and the visualization of very fine
particles becomes impossible, leading, therefore, to errors.

14 -

12 4

10 4

P (MPa)

the pressure and temperature range of our study. Therefore, it is
expected that at a certain concentration of carbon dioxide higher
than 50 mol%, the homogeneous liquid phase will completely
disappear. Unfortunately, this effect could not be detected by
our experiments due to pressure limitations of the equipment.

In order to demonstrate the effect of CO, concentration on
the solubility of (S)-naproxen in bmim[BF,], Fig. 5 illustrates the
precipitation temperature as a function of the molar fraction of
CO, present in the ternary system. To collect data for Fig. 5, the
data for each of the S + L boundaries from Table 1 were fitted
to a third-degree polynomial curve.

From Fig. 5, the co-solvency effect of supercritical carbon
dioxide in the system can be observed: the higher the CO,-
concentration, the lower the temperature required to completely

322

* Homogeneous
§ liquid region

320 4

T K
oy
o;

Do

Region for

precipitation i
312
310 T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60
X CO;

Fig. 5 Isobars for precipitation of (S)-naproxen in bmim[BF,] as
function of CO, composition in the system. Data was obtained by linear
fit of S + L boundaries in Fig. 4. Pressures are 9.5 MPa (squares),
11.0 MPa (crosses), 12.5 MPa (triangles) and 13.5 MPa (stars).

340 350 360
T(K)

370

Fig. 4 Phase diagram for the ternary system bmim[BF,] + (S)-naproxen + CO,. Isopleths for S + L and L + V boundaries are shown for different
concentrations of carbon dioxide. Legend: 10.71 mol% CO, (diamonds), 20.48 mol% CO, (open squares), 30.93 mol% CO, (triangles), 39.98 mol%

CO, (dashes) and 50.45 mol% CO, (stars)T
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dissolve a fixed amount of (S)-naproxen in bmim[BF,]f.
However, on the other hand it is expected that the isobars will
show a minimum for the precipitation temperature at a certain
concentration of CO,, and with increasing CO, concentration,
carbon dioxide gradually will start to act as an anti-solvent for
(S)-naproxen in the ionic liquid, i.e., higher temperatures will be
required to completely dissolve (S)-naproxen in bmim[BF,] with
increasing CO, composition. This effect was already shown by
Shariati et al.** for a ternary system based on carbon dioxide +
I-propanol + salicylic acid. From this work it became apparent
that a change of behaviour of CO, from co- to anti-solvent
usually occurs at CO, mole fractions of about 0.6.

Because higher pressures are necessary to dissolve carbon
dioxide in ionic liquids than in some of the most common
organic solvents, it was not possible to work in this contribution
with concentrations of carbon dioxide above 50 mol%. There-
fore, the anti-solvent effect—which is expected to occur above
60 mol% of CO,—could not be detected in our system due to
pressure limitations.

One additional interesting phenomenon is observed in Fig. 5:
for a concentration of 10 mol% of CO,, the lowest precipitation
temperature is found for the highest pressure (13.5 MPa). For all
the other four concentrations of CO,, the higher the pressure, the
slightly higher the temperature required to precipitate the solid.
This effect might have to be ascribed to the scattering of the data
for the concentration of 10 mol%, as explained elsewhere in the
text.

When separation of (S)-naproxen from the ionic liquid is
required, supercritical CO, extraction is not viable due to the
low solubility of (S)-naproxen in supercritical CO,.'*!” Although
the phase diagrams presented in this work show that CO, can
be used to precipitate (S)-naproxen from bmim[BF,], further
isolation of the product from the ionic liquid is still a problem
to overcome, as been pointed out in other recent studies of anti-
solvent cristallization of organic compounds from ionic liquids
using carbon dioxide.®'®

Conclusions

In this work the phase behaviour of the ternary system
bmim[BF,] + (S)-naproxen + CO, is presented for five different
molar fractions of carbon dioxide. It is shown that by adding
carbon dioxide to a solution of bmim[BF,] and (S)-naproxen,
the solute (at first poorly soluble in the ionic liquid at normal
pressure and temperature conditions) can be completely dis-
solved by increasing the pressure of the system. Therefore, the
amount of dissolved carbon dioxide can be used to switch the

1 At room temperature and atmospheric pressure, the solubility of (S)-
naproxen in pure bmim[BF,] is lower than 5 mol%, i.e., only a solid—
liquid equilibrium is found at the composition studied in this work.

miscibility of the solid solute in the system, allowing the selection
of the most convenient operational conditions for reactions
(one homogeneous phase) or separations (heterogeneous solid +
liquid phase).

From our results it can be seen that an increase of the
CO, concentration influences the location of the homogeneous
liquid phase region as this region shifts rapidly with the CO,
concentration to higher pressures. This is clearly demonstrated
in Fig. 4 where the L + V boundaries shift up to higher
pressures, whereas the S + L boundaries are shifted to lower
temperatures. As a final result of both effects, the extension of the
homogeneous liquid phase is reduced, limiting the pressure and
temperature conditions in which one phase is present. Although
due to experimental limitations the change of co-solvency into
anti-solvency effect with increasing CO, concentration in the
system could not be observed, it may be expected to occur also
in this system.
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The mechanochemical reaction of malononitrile with various aldehydes was studied with the goal
to achieve quantitative stoichiometric conversion of the reactants to their corresponding
benzylidene-malononitriles in absence of any solvents and catalysts. Besides already known
reactions in the solid state, reactions with liquid aldehydes were also attempted. These reactions
were carried out in vibration and planetary ball mills as well as, for comparison, in a melt under
microwave irradiation. A successful quantitative conversion depended strongly on the choice of the
aldehyde, precluding a generalization of the reaction scheme. Furthermore, the results obtained
from the various approaches for non-classical heating (ball mills, microwaves) were compared.

Introduction

There has been a long standing desire in preparative chemistry
to avoid waste, to substitute benign chemicals for toxic ones
and to use solvent-less reactions. However, improving the
energy efficiency of chemical reactions has found much less
consideration although the importance of this aspect can be
expected to increase considerably given the continuing price
increases on the worldwide energy markets. In this regard,
there has been an increased interest in an almost forgotten
approach to chemical synthesis: mechanochemistry (or of-
ten also referred to as tribochemistry), where a number of
publications concerning “reactive milling” have appeared in
recent years. While mechanochemical processes have played a
continued, albeit minor role in inorganic chemistry, they have
found essentially no consideration in organic chemistry. It was
not until the 1990s that mechanochemical organic reactions
on support materials were reported such as, for example, the
conversion of aromatic compounds on silica gel and alumina,’
the halogenation of olefins with HX-silica-gel* as well as the
oxidation of organic compounds on Al,O;—~KMnO,.* However,
these mechanochemical reactions were often carried out under
undefined conditions. Specifically, commercial mills were not
used,>® but the components were milled by hand.! In many
cases the use of quantitative support materials did not achieve
quantitative conversion.

Since 2000, the groups of Toda* and Kaupp® have reported
comprehensive work on the stoichiometric conversion of organic
compounds in solid-state reactions. The advantages of solvent-
less synthesis have thereby been convincingly described.®” Sto-
ichiometric reactions with quantitative yields to the desired
final product, carried out in absence of a support material and
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a catalyst make the usual work-up step of product isolation
unnecessary. Any possible condensation side products like water
for example can be easily removed by drying. Thus, it is
principally possible to work without solvents and to completely
avoid wastes. A multitude of substitution and addition reactions
as well as elimination reactions can be carried out with this
approach.’ Reactions can be carried out between a gas and a
solid® as well as between two solids.” As a direct-crystallization
process, the latter does not even require any input of external
energy." Furthermore, stoichiometric conversion of solids can
also be carried out in a melt.!! The subsequent removal of the
frozen product melt usually necessitates the use of solvents,
making the chemical synthesis “solvent-free” but not “solvent-
less”. However, the resulting solid from a mechanochemical
reaction can also be removed from the mill container by
mechanical means. For the reader interested to learn more about
using mechanochemistry for organic synthesis we refer to the
recent review article by Rodriguez et al.'

In this study we focus on the Knoevenagel reaction, a
reaction which has been known just as long (1898) as
mechanochemistry.”** The Knoevenagel reaction is a partic-
ularly desirable candidate for achieving a quantitative stoi-
chiometric conversion, because the classic conversion of the
reactants is conducted under reflux in a mixture of glacial acetic
acid and benzene (under separation of water), pyridine and
piperidine or methanol and piperidine.”® The yields are between
50 to maximum 90% necessitating a tedious work-up to obtain
the pure product. The group of Kaupp has conducted quan-
titative stoichiometric Knoevenagel condensation reactions of
aldehydes with various methylene components mechanochem-
ically as well as in the melt."" Because their work showed
only results for a limited number of quantitatively converted
aldehydes, there is the open question, can the underlying reaction
scheme be generalized to a wider range of aromatic aldehydes
under their reaction conditions. To answer this question, ten
substituted aldehydes were mechanochemically reacted with
malononitrile. Malononitrile was chosen because it is the most
reactive methylene component. Kaupp’s group carried out
reactions with malononitrile only in a melt, heating for one hour

This journal is © The Royal Society of Chemistry 2008
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under vacuum at 150 °C.!' Therefore, it was necessary to
conduct for comparison the reactions with the chosen aldehydes
also in the melt. The melt reactions were also carried out at
150 °C, but under microwave irradiation at ambient pressure.
A main motivation for choosing microwave irradiation was the
realization that the generated water could condense in colder
zones, outside of the microwave irradiated area, and would thus
be removed from the chemical equilibrium. Additionally, we
have compared using a mill vs. a microwave, two non-classical
methods of heating.

Experimental

Synthesis details

Ten substituted aldehydes (solid as well as liquid) of type 1
and type 2 were used in the Knoevenagel condensation with
malononitrile, as indicated in Scheme 1 and Table 1.

CHO oN N
+ ——
<()N -H,0 CN

R R

1 2 3
CHO x-CHO
R! R3 R! R
R? Re
type 1 type 2
Scheme 1

The stoichiometric reaction mixtures each containing one of
the aldehydes listed in Table 1 were generally converted under
defined reaction conditions solvent-less and in absence of any
catalysts or water absorbing drying agents. The mixtures were
reacted in three systems: a monomodal microwave reactor, a
vibration ball mill (VM), and a planetary ball mill (PM).

The reactants were directly weighed into the reaction vessel.
Since the reaction vessels of the mills exceeded the capacity of the
analytical balance, external weighing dishes were used for exper-
iments with the mills. Coarse-grained or crystalline components
were ground with a mortar and pestle. The aldehydes 1a, 1f, 1h
and 1j were freshly distilled. All other aldehydes as well as 2 were
used as received (Aldrich, Germany) and were of purity >98%.

Table 1 Substituents of the aldehydes used

RCHO R! R R® Mp/°Ce
1a H H H ~26

1b NO, H H 104-106
1c (CH,),N H H 71-73
1d OH OCH, H 82

Ie H OCH, OCH, 48-52
1t H H -9

1g cl H H 44-47
1h H H cl 9-11

1i OH H H 112-116
1j H H OH 1-2

“ Melting points were taken from the literature of the chemical supplier
(Aldrich). ® Aldehyde 1f is of type 2, all others are of type 1.

When weighing the liquid aldehydes, the measuring dishes and
eye-dropper were weighed again to determine the delivered
amounts of substance by weight difference. Any additionally
needed aldehyde was then added drop-wise to the reaction
vessels in increments of 20 to 25 mg, depending on density. To
establish truly stoichiometric amounts of reactant, the impurity
levels were considered in calculating the needed mass amounts.
As a microwave system the model Discover, from company
CEM, USA, was used with the typical program settings: 1 h/
100 W/150 °C. Depending on the behavior of the reaction
some microwave programming was modified. A 50 mL round
flask with Claisen stillhead (for temperature sensor and pressure
balance) was used as a reaction vessel. The Schlenk-curvature
of the flask was meant to collect the condensing water from
the reaction in the colder zones above the melt. The regulation
of power for the microwave irradiation was achieved through a
fiber-optic sensor placed directly into the reaction mixture.

The two mills used were the vibration mill MM 301 from
company Retsch GmbH, Germany, with 25 mL stainless steel
reaction vessels and 5 stainless steel balls of 1.0 cm diameter,
and the planetary mill Pulverisette 7 from company Fritsch,
Germany, with 45 mL stainless steel reaction vessels and 5
stainless steel balls of 1.5 cm diameter. Unless stated otherwise,
the amounts of each reactants were 20 mmol for the PM and
10 mmol for the VM. Each reaction using microwave, VM
or PM was repeated, usually with essentially identical results.
Additional experiments were conducted if yield deviations were
greater than 5%.¥

Measurement and analysis details

A meter of brand Energy Check 3000 from company Voltcraft,
Germany, was used to measure line power consumption.

+ Benzylidene-malononitrile (3a) 'H-NMR (DMSO-d¢) 6 = 8.53 (s,
1H), 7.92 (d, 2H), 7.64 (m, 3H); "C-NMR (DMSO-d¢) § = 161.46,
134.26, 131.19, 130.39 (2C), 129.41 (2C), 114.08, 113.09, 81.50. 4-
Nitrobenzylidene-malononitrile (3b) '"H-NMR (DMSO-d) 6 = 8.70 (s,
1H), 8.39 (d, 2H), 8.14 (d, 2H); *C-NMR (DMSO-d,) 6 = 159.25,
149.67, 136.63, 131.40 (2C), 124.33 (2C), 113.56, 112.46, 85.90. 4-
Dimethylaminobenzylidene-malononitrile (3¢c) 'H-NMR (DMSO-d,) 6 =
8.03 (s, 1H), 7.81 (d, 2H), 6.84 (d, 2H), 3.09 (s, 6H); *C-NMR (DMSO-
de) 0 = 158.80, 154.28, 133.53 (2C), 118.69, 116.19, 115.46, 111.74 (2C),
80.62, 39.91. 4-Hydroxy-3-methoxybenzylidene-malononitrile (3d) 'H-
NMR (DMSO-d¢) 6 = 10.65 (Sproaa» OH), 8.24 (s, 1H), 7.62 (s, 1H), 7.47
(d, 1H), 6.98 (d, 1H), 3.79 (s, 3H); *C-NMR (DMSO-ds) § = 160.55,
153.85, 147.88, 127.65, 123.05, 116.13, 115.07, 114.31, 113.14, 74.97,
55.54. 2.3-Dimethoxybenzylidene-malononitrile (3¢) 'H-NMR (DMSO-
ds) 0 = 8.49 (s, 1H), 7.57 (d, 1H), 7.37 (d, 1H), 7.26 (d, 1H), 3.86 (s,
3H), 3.84 (s, 3H); *C-NMR (DMSO-d,) § = 156.45, 152.63, 148.94,
125.04, 124.70, 119.38, 118.94, 114.30, 113.15, 82.97, 61.71, 56.19. 2-(3-
Phenyl-allylidene)-malononitrile (3f) '"H-NMR (DMSO-d,) 6 = 8.29 (s,
1H), 8.23 (s, 1H), 7.72 (d, 2H), 7.47 (s, 1H), 7.45 (m, 3H); *C-NMR
(DMSO-dy) 6 = 161.78, 150.83, 133.84, 131.52, 128.97 (2C), 128.87
(2C), 122.27, 113.87, 111.88, 80.70. 4-Chlorobenzylidene-malononitrile
(3g) '"H-NMR (DMSO-d;) 6 = 8.52 (s, 1H), 7.92 (d, 2H), 7.71 (d, 2H);
BC-NMR (DMSO-dg) § = 159.94, 138.87, 131.96 (2C), 129.90, 129.54
(20), 113.86, 112.82, 82.08. 2-Chlorobenzylidene-malononitrile (3h) 'H-
NMR (DMSO-dg) 6 = 8.63 (s, 1H), 7.98 (d, 1H), 7.66 (s, 1H), 7.59
(dd, 2H); *C-NMR (DMSO-d¢) 6 = 157.31, 134.19, 133.59, 129.70,
129.16, 128.94, 127.32, 112.76, 111.69, 85.92. 4-Hydroxybenzylidene-
malononitrile (3i) 'H-NMR (DMSO-dy) 6 = 10.42 (Spyeaq» OH), 8.26 (s,
1H), 7.84 (d, 2H), 6.96 (d, 2H); "C-NMR (DMSO-ds) 6 = 163.92,
160.43, 133.82 (2C), 122.72, 116.59 (2C), 115.04, 114.14, 75.02.
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The benzylidene-malononitriles obtained (3a-3i) were char-
acterized structurally with 'H- and *C-NMR in DMSO-d6 on
a Bruker A 200 (200 MHz).

The GC examinations were carried out on Hewlett-Packard
instruments (FID: series 5890, Mass-selective detector series
5972) using columns HP 5 (30 m, ID 0.32 x 0.25 mm).
Temperature program: 3 min isotherm at 50 °C, followed by
a temperature ramp of 8 K min~' to 320 °C. The detector
temperature was set to 300 °C and the column inlet pressure
was entered as 0.7 bar (10 psi), the split-valve setting was 150 :
1. The entire reaction mixture was dissolved in 2 mL solvent per
mmol substance, and 1 pL of the obtained solution was injected.
The retention times of the target products were between 15—
25 min. For accurate product yield determination using GC
it is important to dissolve the entire final reaction mixture
because variations in results were obtained for samples of the
reaction mixture taken from the reaction vessel wall, as opposed
to the center of the reaction vessel. Such deviations can occur
when a reactant sinters at the beginning of the grinding process
and adheres to the reaction vessel. Appropriate solvents were
THF, DMSO (3d, 3e, 3j) or DMF (3¢). It is also important
to conduct GC analysis immediately after completion of the
conversion since the reaction mixture may continue to react
in the solid phase as well as dissolved in the solvent. Yields
reported in the literature are mostly based on NMR signal
intensities, and it is often not certain how soon after completion
of the experiment yields were analyzed. Due to the rather low
signal strength, determining yields from NMR measurements
are also much less accurate and precise than determining yields
by GC, especially for yields >97%. These experimental aspects,
in evaluating accurate product yields, may explain why some of
the yields reported here deviate from values previously reported
in the literature.

Other experimental details pertaining to the interpretation
and discussion of the results are provided.

Results and discussion

The Knoevenagel reactions were first studied under microwave
irradiation in the melt, where for each reaction a stoichiometric
mixture of 20 mmol of each reactant was irradiated for 1 h
at 150 °C and ambient pressure using a power setting of
100 W. Nearly quantitative conversions with yields of 95% or
higher were obtained only in three cases. As can be seen in
Table 2, the yields of the desired products were in some cases even
lower than the conversions due to the presence of not further
characterized side products.

The reaction of some aldehydes with malononitrile proceeded
differently than expected. Aldehyde 1a condensed under default
conditions as an azeotropic mixture with the liberated reaction
water outside of the reaction zone, thereby becoming a limiting
reagent in the reaction mixture. The yields measured with GC
were correspondingly lower. Thus, the synthesis of 3a was
repeated at a lower power setting of 80 W at a set temperature
of only 120 °C. However, these reaction conditions proved to
be too mild for a successful conversion. After a few seconds
of irradiation of reaction mixtures 1li and 1j a vigorously
exothermic reaction (>220 °C) was observed in each case. The
mixtures still reacted uncontrollably when conditions were set

Table 2 Knoevenagel reactions by microwave-assisted melts of aldehy-
des with malononitrile

RCHO MW-condition Conversion 1 (%)* Yield 3 (%)
1a 1h/150°C/100 W 83 83
la 1h/120°C/80 W 12 12
1b 1h/150°C/100 W 95 95
1b 1h/120°C/80 W 91 91
1c 1h/150°C/100 W 43 40
1d 1h/150°C/100 W 97 91
1le 1h/150 °C/100 W 92 92
1f 1 h/150°C/100 W 95 84
1g 1h/150°C/100 W 97 96
1h 1h/150 °C/100 W 98 95
1i® 1 h/150°C/100 W  — —
1i® 1h/100°C/80 W — —
1j 1h/150°C/100 W  — —
1j° 1 h/100°C/80 W — —

“Obtained from GC analysis. * No useful material obtained due to
uncontrolled reaction.

to 80 W/100 °C. The resulting solids of red brown to black
colors were only slightly soluble or completely insoluble in all
common solvents, and a characterization of the products was
not pursued. Since Kaupp reports a quantitative reaction for
at least 1i," the condensation reactions of aldehydes 1i and 1j
were attempted according to procedures from the literature using
a conventional pre-heated oil bath at 150 °C and application
of vacuum. The obtained yield of 1i was 92%. However, the
liquid reaction mixture with 1j again reacted vigorously and
uncontrollably after an induction period of 35 min resulting in
the same insoluble solid substance previously observed under
microwave irradiation. Apparently, this aldehyde cannot be
used for a thermal conversion. Furthermore, side products were
observed for 1¢, 1d, 1f, 1g, and 1h, whereas 1¢ converted only
partially. None of the aldehydes in Table 2 were quantitatively
converted into the targeted product.

The next series of experiments concern Knoevenagel reactions
by mechanochemical conversion using the VM. In consideration
of the physical dimension constraints of the reaction vessel of
the VM, the stoichiometric reaction mixtures were 10 mmol of
each reactant. The reaction vessel of the VM was of screw-type,
and it was possible to cool the VM with liquid nitrogen, which
would appear to be advantageous. Cooling with liquid nitrogen
ensures that aldehydes which are liquid at room temperature
also undergo solid—solid reactions with malononitrile. Also,
the generated water side product should crystallize out, which
should shift the chemical equilibrium towards the product side.
A blind test with sodium chloride revealed that after cooling
with liquid nitrogen the reaction vessel of the VM reheated to
room temperature after 10 min of operation, at maximum setting
of 30 Hz due to frictional heating during the grinding process.
Thus, for a first series of measurements, the reaction mixtures
were cooled with liquid nitrogen before milling with the VM. As
one can see from Table 3, while the yield for 3b was 99%, the
yields were much lower for the other entries, 5% for example
for 3a. Thus, freezing with liquid nitrogen did not offer any
improvement for reactions with the liquid aldehydes.

Besides pure mechanical effects and the associated heating of
the system, mechanochemical activation for example through
the formation of triboplasma’® needs to be considered during

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 767-772 | 769


http://dx.doi.org/10.1039/B801661E

Downloaded by City College of New Y ork on 09 November 2010

Published on 16 May 2008 on http://pubs.rsc.org | doi:10.1039/B801661E

View Online

Table 3 Knoevenagel reactions of aldehydes with malononitrile using
a vibration mill (10 min/30 Hz)

RCHO Yield 3 (%)
1a 5
1b 99
1c 2
1d 5
le 2
1f 13
1g 7
1h 15
1i 51
1j 23

the milling process. Therefore, the default settings were changed
for additional experiments with the VM. The reaction time
was increased to 60 min without any cooling. No additional
experiments were pursued for 1b since a quantitative yield
was already obtained. While the reactions with 1d, le, and 1f
proceeded incident-free, a massive leakage of fluid out of the
hand tightened reaction vessel occurred during the reactions
with 1a and 1c. Their remains inside the reaction vessel were
nevertheless also analyzed by GC. The results from these
experiments are shown in Table 4.

Only the conversion of le and perhaps 1f resulted in a
satisfactory yield. The wax-like solid obtained after VM grinding
of 1d converted after 24 h on its own into a deep yellow solid.
GC analysis of this product revealed an increased yield in 3d
from the initial 2% to 89%, which apparently resulted from a
direct crystallization. Thus, the presence of small amounts of
3d obtained from the milling process seems to have initiated
the subsequent conversion to the target product. The observed
leakage during the reaction of 1a and 1¢ probably resulted from
the heating of the reaction vessel to 70-90 °C, causing the
thermally expanding cap of the vessel (larger diameter) to loose
its seal. In fact, the initially at room temperature tightly screwed-
on cap could be rotated another 1/8 turn after completion of the
milling. In spite of the leakage, a quantitative conversion of 1a to
3a was indicated. In fact, the pure product 3a has a melting point
of 83 °C (as per supplier, Aldrich, Germany), and must have been
a liquid under the conditions of the milling process. Likewise,
the eutectic mixture of 1¢, malononitrile and 3¢ were also in the
liquid phase under the experimental conditions and leaked out
of the VM as well. That the also liquid reactant 1f did not leak
out can be explained by a fast reaction in the early stages of the
grinding process. In response to the overall unsatisfactory results
obtained with the VM no further experiments were pursued
using this mill. In particular, reactions with 1g and 1h were not

Table 4 Knoevenagel reactions of aldehydes with malononitrile with

attempted because of safety concerns if these were to leak out
of the VM during the reaction.

With respect to the PM, its reaction vessel is closed by
an external compression seal which prevents any leakage. To
determine the optimized experimental parameters for carrying
out the reaction studies, several preliminary experiments were
conducted first with the rather reactive aldehyde 1b. The amount
of aldehyde as well as the grinding time and rotational speed
were varied. The optimal settings were then, also, applied for the
conversion of the slowly reacting aldehydes. From the results of
these tests, shown in Table 5, it was decided to use 20 mmol of
starting aldehyde and to grind for 60 min.

To further investigate the effect of the setting for rotational
speed two complete series of duplicate experiments were carried
out at, respectively, 400 and 800 revolutions per minute (rpm).
The temperature inside the reaction vessel was determined
immediately upon completion of the experiment using an IR-
Sensor. The temperatures for the experiments at 400 rpm were
always less than 30 °C, but were 50-60 °C after grinding with 800
rpm. Blind tests at the same settings with comparable amounts
of sodium chloride resulted in higher temperatures, 35 and
70 °C, respectively. Although, especially without knowledge of
heat capacities, this blind test is only a crude experiment. It
appears that the overall process of mixing of the reactants and
the ensuing reaction for the Knoevenagel reactions studied here
is endothermic, absorbing some of the heat that is generated by
the grinding. When comparing the yields from the experiments
listed in Tables 6 and 7 one can see that with the exception
of 1d all aldehydes reacted to give higher yields with increasing
temperature, indicating that thermal activation is necessary. This
observation is in keeping with the previously discussed results in
Tables 3 and 4. Only 1b is so reactive that it reacts quickly even
at low temperatures.

Table 5 Preliminary Knoevenagel reactions of aldehydes with mal-
ononitrile with the planetary mill

RCHO (mmol) Condition Yield 3 (%)
1b 10 10 min/800 rpm 55
1b 20 10 min/800 rpm 99
1b 20 10 min/400 rpm 79
1b 20 60 min/400 rpm 99
1d 20 10 min/800 rpm 0
1d 20 60 min/400 rpm 2

Table 6 Knoevenagel results with the PM at 400 rpm, 1 h

Yield 3 (%) Yield 3 (%)

vibration mill (60 min/30 Hz) RCHO Immediately after grinding Grinding + 24 h under N,
RCHO Yield 3 (%) la 31 99
1b 99 —
1a >99 ¢ 1c 2 71
1c 714 1d 2 89
1d 26 le 6 6
1e 08b 1f 9 21
1f 93¢ 1g 10 76
1h 30 99
“Portions of reaction mixture leaked out of reaction vessel. * Compact 1i 77 95
mixture of solids. 1j 21 60
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Table 7 Knoevenagel results with the PM at 800 rpm, 1 h

Yield 3 (%) Yield 3 (%)

RCHO Immediately after grinding Grinding + 24 h under N,
la 97 99

1b — —

1c 69 78

1d 5 91

le 94 96

1f 95 95

1g >99 —

1h >99 —

1i 96 >99

1j 59 77

Interestingly, as already noted in the early stages of our
studies, the pre-reacted reaction mixtures were observed to
continue to convert in many cases into the desired product after
completion of the milling process when left to stand at room
temperature. Two series of independent reaction experiments
were conducted for each utilized rpm setting (400 rpm, 800 rpm),
to investigate this behavior quantitatively. In one series, the entire
reaction mixture was immediately dissolved for GC analysis
upon completion after grinding. In the other series, a portion
of the reaction mixture after grinding was left for 24 h under
a nitrogen atmosphere to minimize possible autoxidation, and
the products were then dissolved and immediately analyzed by
GC. The results are summarized in Tables 6 and 7 and show that
in some instances quantitative yields can be obtained, depending
on the reactivity of the aldehyde. An intensive investigation is
under way to further explore the phenomenon of an inductive
effect, including experiments in solution phase. These findings
are beyond the scope of this article and will be separately
published.

The continued reaction of these reaction mixtures is most
likely due to direct crystallization, which has been described for
other solid-solid reactions in the literature." Because a direct
crystallization can at times be initiated by the presence of the
target product, as was the case for the experiments listed in
Tables 6 and 7, it remains to be seen if the same effect can occur
in absence of any target product. Therefore, the most reactive
aldehydes 1a, 1b, 1h and 1i as well as, for comparison, the slowly
reacting aldehydes 1c¢, 1d and 1j were mixed by brief shaking
in 10 mmol stoichiometric amounts with malononitrile and left
standing for 24 h under nitrogen at room temperature. The yields
obtained by GC analysis are summarized in Table 8.

The liquid reaction mixtures with 1a and 1h did not react as
much as expected. Interestingly, the solid mixture with 1d reacted

Table 8 Direct crystallization results for the Knoevenagel reaction
RCHO Yield 3 (%)
1a 13

1b 92

1b (™HH 98

1c 0

1d 7

1h 18

1i 95

1j 0

only to a yield of 7%, even though a yield of 89% was observed
in the presence of an initial 2% of target product. Apparently,
small amounts of target material are sufficient to initiate the
direct crystallization process. The incomplete reactions with 1b
and 1i are due to insufficient mixing of the reactants. To confirm
this explanation, a reaction mixture with 1b was first dissolved
in THF and the solvent was then quickly removed, again by
evaporation under vacuum. After standing for 24 h the yield
in 3b was 98%. Homogenization of the mixture is obviously
a necessary condition to achieve quantitative conversion. The
reaction mixtures are also immediately homogenized during the
initial stages of the mechanochemical conversion.

Although there are few reports which describe attempting the
Knoevenagel reaction with malononitrile under mechanochem-
ical conditions, our findings can be further discussed with regard
to some of the observations made in these previous studies.”
Kaupp et al. observed that the mechanochemical reaction of the
aldehydes 1a, 1b, 1g, and 1i did not proceed with malononitrile
at room temperature, which supports the finding that thermal
activation is generally necessary. Wada and Suzuki used calcite
and fluorite as the catalyst for Knoevenagel condensation of
various aldehydes with malononitrile and methyl cyanoacetate.
They observed that the reaction proceeded to high yields when
the mineral reagent was mechanically crushed to 1-3 mm pieces
prior to use, but no reaction occurred when fine powder was
used. They explained this observation with the speculation
that the “newborn solid surface should be highly activated
with the naked ionic species in-situ generated”. However, it
appears more likely that the added minerals did not act as
a catalyst but merely served as additional grinding stones
during milling of the reactants. When mineral powder was used
instead, the reaction mixtures became effectively diluted and the
grinding less effective explaining the unsuccessful conversions.
Unfortunately, the authors did not report experiments without
the use of the mineral agents nor did they vary their amount.

It is also instructive to discuss the reactivity of the various
aldehydes. It was possible to convert the aldehydes 1b, 1g and
1h quantitatively as well as 1a and 1i nearly quantitatively to
their corresponding benzylidene-malononitriles under optimum
experimental conditions. Aldehyde 1j was the exception. At
first, 1j does react with malononitrile to the desired target
product. However, in parallel to the Knoevenagel reaction, the
hydroxyl group in the ortho-position in the product further
reacts with the neighboring nitrile group to form a ring, which
under elimination of hydrocyanic acid leads to benzofuran-2-
carbonitrile. This, at first, unknown side product was even-
tually detected by GC-MS analysis. This intramolecular ring
formation of the ortho-substituent with the side chain nitrile
proceeds in time in the isolated solid as well as in solution
and results in a quantitative degradation of 3j. The unexpected
vigor at which 1i and 1j reacted in the melt under microwave
irradiation prevented the control of the reaction temperature
under these conditions. For these reactions it was not possible
to achieve yields greater than 98%. Rather, the formation of
side products was often observed. These side products were
not found during the mechanochemical conversion. Since the
mechanochemical conversion of 1i and 1j were most successful
at internally generated temperatures of 50-90 °C, it appears
that the formation of side products requires larger thermal
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activation at temperatures above these temperatures. Indeed,
the temperature of the melt was 150 °C.

A comparison of energy consumption using the different
methods of conducting Knoevenagel condensation is also
instructive. The total power consumption was directly measured
with a line power consumption meter when carrying out the
reaction using the microwave system, the VM or the PM. The
total line power consumption of the microwave system running
for one hour at 100 W of microwave irradiation (including a
10 min ventilation time) is 130 kWh. The power consumption
of the milling systems at the same reaction time is only 0.4 and
0.2 kWh for the VM at 30 Hz cycle time and the PM at 800 rpm,
respectively. The corresponding power consumption on a molar
basis of reactant for one hour reaction time is thus 6.5 kW
mmol~' for the microwave system, 0.04 kW mmol~' for the VM
and 0.01 kW mmol™' for the PM.

Conclusions

The combined results from this study show that a generalization
of the reaction scheme for the quantitative stoichiometric
conversion of aromatic aldehydes with malononitrile cannot
be made. The success of a quantitative Knoevenagel reaction
depends both on the choice of the aldehyde and on the choice
of how the necessary activation energy is introduced into the
reaction mixture. For example, under mechanochemical con-
version 4-nitro-benzaldehyde (1b) reacts quantitatively already
under mild conditions, while vanillin (1d) reacts barely at all and
salicylic aldehyde (1j) reacts only partially but forms instable
products. Furthermore, it was observed that partially converted
reaction mixtures often continue to convert, to significantly
increased yields through direct crystallization. For the more
reactive aldehydes the yields may even be quantitative within
24 h and proceed without introducing any external energy into
the reaction mixture. It is necessary though that the reaction
mixture is completely homogenized. It was also noticed that
the temperature within the reaction vessel significantly affected
the degree of conversion. In general, the reactions in this study
converted quantitatively at temperatures between 50-90 °C, at
least for the more reactive aldehydes. The chemical conversions
are thus not due to pure mechanochemical effects. Rather,
the reactions are initiated through the heat generated through
friction during the grinding process, which then enables the
reaction of the homogenized mixture to proceed. This explains
why only unsatisfactory conversions were obtained with the PM
at 400 rpm, where the temperature within the reaction vessel
never exceeded 30 °C.

While the PM with its leak-tight closure system could be
used for all of the studied reactions, the screw-type closure of
the VM would loose its seal at higher temperatures and any

liquid reaction mixture or product would leak out. The VM
can still be used without any problems for reaction mixtures and
resulting products that remain solid throughout the course of the
reaction.

For mechanochemical conversions, the sintered product can
be easily and essentially completely retrieved without the use of
solvents. The loss in substance is about 1% in mass. Thus the
synthesis is solvent-less. In contrast, solvents were necessary to
retrieve the products from reactions in the melt under microwave
irradiation, which overall did not result in quantitative yields
under the conditions studied and often included the formation
of side products. The one hour usage of the microwave system
also required 6.5 kW mmol~' of energy, significantly more than
the VM and PM milling systems which required only 0.04 and
0.01 kW mmol~"', respectively.

More investigations are under way to elucidate the effect of
continued reaction without the addition of external energy, and
the results will be reported in due course.
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Three biomass-to-liquid process steps (volatilization of cellulose, tar-cleaning of organic products,
and water-gas-shift of the gaseous effluent) have been integrated into a single autothermal
catalytic reactor for the production of high quality synthesis gas at millisecond residence times
(~30 ms). Particles of cellulose (~300 um) were directly impinged upon the hot, catalytic bed of
Rh-Ce/y-Al,O; catalyst on 1.3 mm 0-Al,O; spheres in the presence of O,, N,, and steam in a
continuous flow fixed-bed reactor at 500-1100 °C. Complete conversion to gases was observed for
all experimental parameters including N,/O,, S/C, the total flow rate of cellulose, and the
fuel-to-oxygen ratio (C/0). The addition of steam increased the selectivity to H, and decreased
the selectivity to CO in agreement with water-gas-shift equilibrium. Optimal conditions produced
a clean gaseous effluent which exhibited ~80% selectivity to H, at a synthesis gas ratio of

H,/CO = 2.3 with no dilution from N, at a fuel efficiency of ~75%. Carbon-free processing was
explained by relating the domain of experimental parameters to the thermodynamic prediction for

the formation of solid carbon, Cg.

Introduction

Lignocellulosic biomass in the form of trees, grasses, and
agricultural residues provides a realistic source for sustainable
production of carbon-based fuels and chemicals."? Recent anal-
ysis by the U.S. Department of Agriculture estimates that annual
production of lignocellulosic biomass could exceed one billion
dry tons, providing sufficient energy to supplant a significant
fraction of existing demand for fossil fuels.* The dominant struc-
ture in all non-food sources of biomass, lignocellulose, consists
of the biopolymers cellulose, hemicellulose, and lignin in a design
that provides optimal material properties to plant structures
while resisting chemical degradation. These same properties also
prevent the direct utilization of most conventional petroleum
processing equipment thereby driving the development of new
technology for handling and processing solid, carbonaceous
materials.

Conversion of biopolymers to synthesis gas (H, + CO) and
subsequent production of synthetic fuels is a major thermo-
chemical processing route commonly called biomass-to-liquid
(BTL). The entire BTL process consists of a combination
of unit operations including biomass preparation, gasification,
synthesis gas cleaning, synthesis gas processing, synthetic fuel
production, and synthetic fuels refining. The availability of
technologies and number of process variables for each process
step provides an enormous number of configurations and design
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options which must be evaluated as an integrated system for
optimal process development.* The overall process competes
economically with existing biological processes (e.g. corn to
ethanol) as demonstrated by a recent process design analysis
of the BTL process for the production of ethanol from wood.*
The efficacy of the BTL process can be enhanced by either
improving the performance of any single process step or by elim-
inating or combining process steps. A significant opportunity
for process improvement exists with synthesis gas production
and preparation. The cost of conversion to clean, conditioned
synthesis gas for a synthetic fuels reactor can dominate process
economics as this equipment can comprise 60-75% of the total
process investment.®’” This paper demonstrates that at least three
BTL process steps (gasification, tar-cleaning, and water-gas-
shift) can be combined as a one-step millisecond residence time
reactor for continuous operation. Each of these steps provides a
necessary process function and contributes a non-negligible cap-
ital and operating cost. Conventional biomass gasifiers (updraft,
downdraft, and fluidized bed) partially oxidize biomass to a
gaseous syngas-rich effluent that commonly contains impurities
such as tars and aromatics, unconverted oxygenated organics,
nitrogen-containing species such as NH; or HCN, and soot.?
Organic impurities must be selectively removed to ppm levels
by one of several technologies that can be categorized into wet
scrubbing, dry scrubbing, or hot gas conditioning.’ Existing
techniques applicable to the integrated reactor considered here
include steam reforming and partial oxidation of tars and
organics using Ni, Pt, or Rh metal catalysts. Biomass-derived
synthesis gas typically exhibitsa H,/CO ~ 1.0, and an additional
process step must also be used to adjust the ratio of H, to CO by
the water-gas-shift reaction for synthetic fuel reactors to produce
Fischer—Tropsch alkanes (H,/CO ~ 2), methanol for dimethyl
ether (H,/CO ~ 2), or mixed alcohol fuel (H,/CO ~ 1.2).°
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An extremely short residence time (milliseconds) reactor
integrating at least three process steps provides the possibility for
dramatic improvement in the utilization of biomass for synthetic
fuels. Conventional gasifiers exhibit residence times on the order
of seconds to minutes, while catalytic partial oxidation of organic
compounds occurs in milliseconds permitting a reduction in
biomass reactor size by at least an order of magnitude. Addi-
tionally, combined chemistries permit simpler overall processes
by eliminating multiple process vessels and ancillary equipment.
The capital costs of traditional BTL equipment has restricted the
processes to large scales (~400 MW,;,), demanding an abundant,
local supply of biomass.” Small efficient processes allow for
localized processing facilities, reducing costs associated with
biomass transportation.

A highly integrated, millisecond biomass reactor operates
faster and with more functionality than a large number of
existing catalytic gasifiers. There exist numerous experimental
examples of the integration of metal catalysts such as Ni, Co,
and Rh with conventional fluidized bed gasifiers to reduce the
production of char and tars in situ.'*"* Most gasification cata-
lysts exhibit deactivation and poisoning due to the development
of surface carbon (coke) and char and the condensation of
inorganic ash. Rh-based catalysts with the addition of Ce have
exhibited significant resistance to the formation of coke in the
oxidative reforming of tars and organics.'>'* Additionally, cat-
alytic partial oxidation of highly oxygenated organic compounds
such as ethylene glycol and glycerol on Rh-Ce catalysts has
selected for equilibrium concentrations of synthesis gas during
steady, autothermal operation on millisecond time-scales.' The
utilization of Rh-Ce fluidized catalytic beds integrated with
volatilization of carbohydrate-rich solids has demonstrated
reduced tar formation, but has been restricted to indirectly
heated processes and residence times on the order of one
second.®

The direct impingement of solid particles of carbohydrate-rich
biomass with a hot (7 > 700 °C), catalytic surface in thermal
contact with a catalytic bed provides an optimal situation for
fast, integrated processing of nonvolatile feedstock material.
We have recently demonstrated this technique, referred to as
‘reactive flash volatilization,” on Rh—Ce catalytic beds for the
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air-blown reforming of soy oil, cellulose, and lignocellulose.'”*®
Multiple zones of chemistry (volatilization, oxidation, and
reforming) provide efficient chemical routes to synthesis gas.
Particles contacting a hot surface volatilize to gases and volatile
organic compounds (VOCs) which can flow into the catalyst
bed and oxidize to synthesis gas and combustion species. The
remaining gases and VOCs after >99% oxygen conversion
can then steam reform to gases and equilibrate by the water-
gas-shift (WGS) reaction. Autothermal processing is realized
between endothermic zones (volatilization and reforming) and
the exothermic oxidation chemistry through balanced heat
transfer by conduction in the alumina catalyst support and
convection forward by the process gases.

The adjustment of chemistry and heat transfer by the addition
of steam and removal of feed N, provides the opportunity
to reduce effluent synthesis gas dilution and fully integrate
the water-gas-shift step within the millisecond reactor. Rh-
Ce catalysts have demonstrated strong activity for the water-
gas-shift reaction on millisecond time-scales.” In this study we
demonstrate the tunability of the synthesis gas ratio by adjusting
the feed S/C (steam-to-carbon) ratio, the C/O (carbon-to-
oxygen) ratio, the N,/0, (feed nitrogen/feed oxygen) ratio,
and the total flow rate of solid material. Spatial temperature
measurements were conducted along the axis of the catalyst
bed to analyze system behavior and define process limitations.
Additionally, system performance is analyzed through thermo-
dynamic analysis, and the domain of operation is presented for
considered feed parameters. Finally, the results lead to the devel-
opment of an autothermal, steady-state operating configuration
that permits integration of gasification, tar-cleaning, and water-
gas-shift chemistry in the absence of nitrogen at high process
feed rates and millisecond residence times.

Experimental
Reactor design

The autothermal steam reforming of cellulose was performed in
a20mm [.D., 22 mm O.D. quartz tube shown in Fig. 1. A 17 mm
O.D. ceramic foam monolith, used to support the 30 mm bed of
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Fig. 1 Left: the experimental apparatus consisted of an insulated quartz reactor tube supplied with N,, O,, CH,, cellulose, or steam. Particles of
cellulose were metered using a servo-motor powered auger passing through a sealed hopper. Reactor effluent gases passed through a condenser and
were sampled for gas chromatography. Right: particle size distribution generated by light scattering of microcrystalline cellulose samples processed
by reactive flash volatilization. Inlet micrograph shows a representative cellulose reactor feed particle with high porosity.
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spherical catalysts, was inserted into the quartz tube from the
bottom and held in place via friction fit against the reactor wall
with ceramic cloth.

Cellulose was fed to the top of the reactor tube with a 0.25 in.
auger, which was rotated by a small volume laboratory mixer
to accuracies =1 RPM. The auger functioned as a volumetric
feeder, conveying cellulose from a gas-sealed acrylic hopper
to the reactor. An unbalanced rotor vibrator was attached to
the base of the hopper to ensure uniform and complete filling
of the auger during operation, minimizing oscillation in fuel
flow rates. Gases were fed through the hopper to the reactor
using mass flow controllers operated by LabVIEW software
accurate to £0.05 SLPM. Water was supplied by a syringe
pump to a steam generator, where it was vaporized and fed
~2 in. upstream of the catalyst bed via heated stainless steel
tubing. Steam was fed in close proximity to the catalyst in
order to avoid water condensation on the reactor walls and
cellulose conglomeration prior to contact with the catalyst. The
reactor effluent was directed through a laboratory condenser
(maintained at 25 °C) to minimize throughput of condensable
species, primarily water, to the sampling tube. Effluent was
periodically sampled upstream of the condenser to verify the
absence of condensable organic compounds.

Temperature measurement

Experiments were primarily conducted with thermocouples
placed at 10 mm and 30 mm from the front face of the catalyst
bed. These thermocouples were inserted from the downstream
side of the reactor tube during the placement of the foam
monolith support. Axial temperature profile experiments were
conducted using a reactor tube with 16, 0.7 mm diameter holes
placed in the quartz reactor tube along the length of the catalyst
bed. Through these holes 16 K-type thermocouples were fed
horizontally to the center of the catalyst bed as depicted in
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Fig. 2 The conversion of cellulose (C¢H,(Os), to equilibrium products
by dry oxidation (upper panel) at C/O = 0.7, 0.8 and 0.9, and steam
reforming at C/O = 0.8 (lower panel) at S/C = 1.2, 1.8 and 2.4,
predicts 40-80% selectivity to H, (solid lines) and 0-50% selectivity
to CO (dashed lines) for the temperature range 400-1000 °C. C/O is
defined as molar feed rate of carbon in the fuel relative to molar feed
rate of oxygen atoms in the gaseous O,. S/C is defined as molar feed
rate of steam relative to the molar feed fate of carbon in the fuel.

Fig. 5D. The quartz reactor tube was sealed using ultra high
temperature ceramic adhesive. This apparatus facilitated the
acquisition of steady state and transient reactor bed temperature
profiles.
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Fig. 3 The formation of solid carbon, Cs, by processing of solid,
organic feedstocks such as cellulose, lignin, polyethylene, or ethanol
inhibits the use of catalysts due to surface poisoning. Dashed lines
represent the interface between the region for which Cs is predicted
as a thermodynamic product, and the region for which it is not, at 500,
700, and 900 °C. The stoichiometry of steam reforming (solid grey line)
cellulose oxidation and authothermal steam reforming (solid black lines)
demonstrate that conversion to combustion products or synthesis gas
occurs near the interface of these two regions permitting autothermal
carbon-free processing.
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Reactor operation

Reactor start-up involved pre-heating an isolated portion of the
catalyst to ~300 °C using an external heat source while passing
methane and nitrogen gas through the reactor. Once hot, oxygen
was added to the gas mixture at air stoichiometry and fuel-
rich conditions necessary to avoid combustion. This procedure
initiated the autothermal partial oxidation of methane in the
catalyst bed, which heated the reactor bed to ~900 °C. Cellulose
was then added to the reactor at ~30 g h™'. Flow of methane
was discontinued, and the oxygen flow rate was adjusted to a
fuel-rich regime for experimental trials.

The reactor was insulated to minimize heat loss to the
surroundings. In order to accurately determine cellulose flow
rate to the reactor, the system was initially operated at low C/O
in order to heavily oxidize any carbon before being exhausted
from the sphere bed. The effluent was then analyzed to quantify
carbon content (i.e. the CO and CO, were measured with
gas chromatography). Once a steady cellulose flow rate was
observed, gases were adjusted to achieve the desired S/C, N,/O,,
and C/O ratios, and the effluent was sampled. The system
was then returned to a low C/O in order to verify that the
cellulose flow rate had not changed. This procedure was used
for determining the cellulose flow rate upon start-up, and for
data obtained at operating conditions capable of producing
condensable product species. The reactor was shut down by
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Fig.4 The selectivity to hydrogen (M), water (A), carbon monoxide (@), carbon dioxide (¥) and methane (#) achieves equilibrium in the reforming
of cellulose at a flow rate 30 g h~' with gaseous co-feed: (79% N, + 21% O,) in Panels A and B, co-feed (60% N, + 21% O, + 19% H,O0) in Panel C,
co-feed (40% N, + 21% O, + 39% H,0) in Panel D, co-feed (20% N, + 21% O, + 59% H,0) in Panel E, and at 0 < S/C < 2.4 in Panel F. Dashed

lines represent equilibrium concentrations and solid lines are fitted.

terminating cellulose, oxygen, and steam flows. Once the system
was cooled, nitrogen flow was terminated.

All experiments without steam addition were operated at air
stoichiometry (N,/0, = 3.76). C/0O is defined to be the molar
ratio of carbon in the fuel to atomic oxygen fed as air. Complete
cellulose combustion to CO, and H,O therefore occurs at
C/0 = 0.5. Experiments were carried out at C/O ratios of 0.6,
0.7, 0.8, and 0.9. These experiments were run in oxygen deficient
environments in order to maximize selectivity to synthesis gas

and hydrogen. Cellulose flow rates of 25-60 g h~! were used for
all data collection.

Steam addition experiments were performed by replacing
nitrogen with steam in increments of 20% of the gaseous feed
to maintain a constant gaseous co-feed flow rate. Gas feed
compositions considered were (in mole percents): (1) 60% N,
21% 0O,, 19% H,0, (2) 40% N,, 21% O,, 39% H,0, (3) 20%
N, 21% O,, 59% H,0, and (4) 0% N,, 21% O,, 79% H,0. S/C
is defined to be the molar ratio of steam to carbon in the fuel.
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Fig. 5 Measured axial temperature profile within the 30 mm fixed bed of Rh—Ce/y-Al,0;/0-Al,O; spheres was examined as a function of total
solid cellulose particle flow rate (A), C/O ratio (B), and magnitude of steam substitution for nitrogen (C). In Panel A, the temperature profile was
measured with C/O = 0.7, S/C = 0.05, and at cellulose flow rates of 25 gh~' (¥) and 40 gh~' (@). In Panel B, the temperature profile was measured
at S/C = 0.05, cellulose flow rate of 25 g h~', and C/O = 0.7 (H), C/O = 0.8 (@), and C/O = 0.9 (A). In Panel C, the temperature profile was
measured at a cellulose flow rate of 40 g h™', C/O = 0.7, and steam substitution of N, with steam in the gaseous feed of 0 mol% (H), 19 mol%
(@), 39 mol% (A), and 59 mol% (V). The temperature at each axial position (catalyst depth) was measured simultaneously by inserting and sealing

multiple thermocouples radially into the reactor (D).

Experiments were run at C/O ranging from 0.6 to 0.9, depending
on whether autothermal operation was sustainable.

Catalyst preparation

All catalysts were prepared on Saint-Gobain NorPro Corpora-
tion 1.3 mm diameter a-Al,O; spheres. The unmodified spheres
have a surface area of 5.35 m> g' and a packing density of
64.11bs ft=*. Prior to Rh—Ce deposition, a y-Al,O; washcoat was
added to the spheres to increase surface area via incipient wetness
technique.® A 5 wt% slurry of y-Al,O; in distilled water was
added drop-wise to the spheres, which were then allowed to dry.
Once dry, the spheres were calcined for 6 h at 600 °C. Rh(NO;);
and Ce(NO;);-6H,0 metal salts were then added to the spheres
also using the incipient wetness technique. A 1 wt% Rh and
1 wt% Ce solution of metal salts in distilled water was added
drop-wise to the spheres, which were then allowed to dry. Once
dry, the spheres were calcined for 6 h at 600 °C. Catalysts were
conditioned for ~1 h under representative operating conditions
before conducting experiments. Experiments were repeated on
catalysts with no measurable differences in activity. Catalysts

were generally used for no less than 10 h, during which there
was no observable deactivation.

Feedstock analysis

Microcrystalline cellulose used in all experiments was obtained
from FMC BioPolymer. Samples of cellulose exposed to the
air naturally absorbed ~5 wt% moisture (S/C~0.05). Moisture
content was determined gravimetrically by drying in a vacuum
oven. The particle size distribution in Fig. 1 was measured by
light scattering. The raw cellulose sample was separated in a No.
50 mesh sieve to obtain a sample with fewer particles smaller
than 200 um to increase ease of handling by reducing particle
conglomeration. Steam was produced from distilled water. The
high purity gases, N, and O,, were supplied separately with high
pressure cylinders.

Product analysis

Gas samples were sampled with a syringe downstream of
the condenser, and injected into a gas chromatograph. The
system was calibrated to measure permanent gases and higher
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hydrocarbon species. Species response factors and column
retention times were determined using known concentrations of
premixed gases. During standard operation the carbon, oxygen,
and hydrogen mass balances typically closed to within +5%.

Experiments were conducted several times, typically repeated
on several identical catalysts, with no significant differences
observed between experiments. Catalyst operating temperature
and time ranged from 550-1100 °C and 10-30 h, respectively. Se-
lectivity to product species was calculated on an atomic carbon
basis, Sc(species), or an atomic hydrogen basis, Sy(species). The
selectivity was defined as (atoms in the product species)/(atoms
in the converted fuel). Co-fed steam was not considered fuel.
The sum of all selectivities to product species based on the same
element (C or H) should equal unity within experimental error.
The residence time was calculated as the void volume of the
catalyst bed divided by the volumetric flow of effluent gases at
the exit temperature. Sphere beds exhibit smaller void fractions
resulting in faster residence times than foams.

Equilibrium calculations

Equilibrium calculations were performed by numerical mini-
mization of Gibbs free energy using HSC Chemistry® software.?
Calculations were performed at 1 atm pressure and the tem-
perature of the sphere bed 10 mm downstream of the front
face (T,). Back-face catalyst bed temperatures were not used
due to significant temperature gradients, resulting from heat
conduction to the monolith support. High (>99%) conversion
of fuel to C, products was expected at low S/C, facilitating the
inclusion of the following species in the calculation: CO,, CO,
CH,, O,, H,, H,O.

The measured reactor process efficiency in Table 1 has been
examined by calculating the fuel chemical flow availability
(exergy), a;, of all non-cellulose species by eqn (1),

a; = (hy — h°;) — T°(s; — 5°%) + (u°; — 1) (1)

where /; is the specific enthalpy of the species i, T is the
temperature, s; is the specific entropy of species i, and y;, is
the chemical potential of species i.* The values of A°, s°;,
and u°; were calculated at the restricted dead state defined as
T° = 298 K, P° = 1 atm, and the gasecous molar frac-
tions X(0,) = 0.20, X(N,) = 0.76, X(H,0) = 0.03, and
X(other) = 0.01. The chemical availability of cellulose was cal-
culated using a correlation developed by Szargut and Styrylska,

1.0438 +0.1882 Ll -0.2509 o 1+0.7256E
C C C

@
1-030352
c

B=

where H, C, and O represent atomic mass fractions of
feedstock cellulose, and f relates the chemical availability of
cellulose, a., to the lower heating value (LHV) of cellulose
bY dear = S*LHV aiiuiosey-> The lower heating value of cellulose,
obtained from a correlation assuming C/H/O = 6/10/5, was
15.7 kJ g7'.* Process efficiency in Table 1 is defined as the flow
availability of all products divided by the flow availability of all
feed species.

Results and discussion

The results demonstrate that reforming of cellulose with steam
addition can produce equilibrium selectivity to synthesis gas
with very little selectivity to minor products. By this method,
the effluent syngas stoichiometry is tunable by adjusting the
S/C ratio. Sustainable processing to a clean product stream
maintains a significant fraction of the cellulose fuel value
without observable formation of a solid carbon byproduct.

Table 1 Selected experimental data for the millisecond reforming of microcrystalline cellulose®

Experiment 1 2 3 4 5
Catalyst bed length/mm 30 30 30 30 60
C/0 ratio 0.9 0.9 0.8 0.8 0.9
H,O substitution for N, 0 19 39 59 79
S/C ratio 0.05 0.55 1.21 1.81 2.14
N,/O, ratio 3.76 2.86 1.91 0.95 0
Mass flow/g h™! 30 30 30 30 60
Residence time/ms 33 31 24 25 29
Space velocity/mol h~' L~ 118 118 118 118 118
Mass velocity/h~"! 53 53 53 53 53
H selectivity (%)

H, 48 63 58 71 79

H,0 38 34 42 21 21
C selectivity (%)

CcO 38 35 32 25 27

CO, 60 64 68 72 72

CH, 1.9 1.2 0.3 3 0.2
Temperature at 30/°C 600 730 710 625 825
H,/CO 1.1 1.4 1.5 3.0 2.3
Syngas dry mole fraction (%) 18 24 22 25 42
Process efficiency (%) 58 66 63 68 73

« All experiments were considered on a bed of 1.3 mm a-Al,O; spheres with 5 wt% y-Al,O; washcoat and 2 wt% loading of Rh and Ce with >99%
conversion of cellulose to C; products. The space velocity was defined as (molar flow of carbon)/(volume occupied by the catalytic spheres). The
mass velocity was defined as the (mass flow of carbon)/(mass of RhCe). The process efficiency was defined in the experimental section of the text.
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Thermodynamic considerations

Fig. 2 shows representative equilibrium selectivity output data
for the reaction of cellulose (C4H,,O5) with steam and oxygen
at variable C/O and S/C. As the reaction feed becomes
more carbon rich (increasing C/O), the selectivity to more
oxygen deficient species such as S;;(H,) and Sc(CO) increase.
Additionally, as the reaction feed contains more steam (higher
S/C), the selectivity to hydrogen, S;(H,), increases and S-(CO)
decreases. This behavior can be described very generally by an
increased reaction of CO with steam to form hydrogen by the
water-gas-shift reaction (WGS) (eqn (3)) at higher S/C.

WGS: CO + H,0 <> CO, + H,, AH® = —41 kJ mol™' (3

The gaseous products predicted in Fig. 2 are achievable,
provided a chemical route exists to equilibrium. The formation
of a second, solid phase of carbon, Cs, has the potential to
develop on catalytic surfaces, blocking surface chemistry and
preventing the reactor from operating sustainably. This inhibi-
tion can likely be eliminated if solid carbon or carbon-rich solid
residue is not a favored thermodynamic product. The prediction
of a solid carbon equilibrium product (Cs) is a function of the
reaction feed stoichiometry (cellulose/oxygen/steam) and the
reaction temperature. By calculating the stoichiometry for a set
of temperatures (500, 700, and 900 °C) for which the activity
of Cg goes to one, it is possible to define a boundary between a
region for which Cs is unstable and not predicted by equilibrium.
As shown in the ternary diagram of Fig. 3, this “no carbon
region” is defined by a boundary (dashed lines) for which an
increase in process temperature expands the operable “no carbon
region” to nearly half of the possible reaction stoichiometry.?

The relevance of this calculation to the processing of
feedstocks can be determined by placing the internal atomic
stoichiometry (i.e. cellulose: C/H/0~28.6/47.6/23.8 mol%) of
each material on the ternary diagram (points). All considered
feedstocks exist within the region for which solid carbon is a
predicted thermodynamic product at 7 < 900 °C. However,
the addition of oxygen (solid black line) shifts the overall
atomic stoichiometry across temperature boundaries such that
no carbon is predicted at combustion stoichiometry (Q).
Processing at oxygen-deficient (syngas-producing) conditions
occurs along the cellulose oxidation line and at lower adiabatic
temperatures than combustion. The key implication for au-
tothermal reforming is that there exists a specific oxidation feed
stoichiometry around C/O = 1.1 (C/O calculated as defined in
the experimental section) for the considered reaction conditions
for which carbon becomes a predicted product. The addition
of steam provides a processing alternative (solid grey line) to
extend the overall stoichiometry across the thermodynamic
boundaries. By co-feeding steam with oxygen at S/C = 1.0,
nearly the entire oxidation stoichiometry exists within the no-
carbon region defined at 500 °C, and higher S/C offer and even
more expansive range of feed stoichiometry.

Autothermal catalytic partial oxidation of cellulose

The production of gaseous products from the autothermal
reforming of cellulose at S/C = 0.05 (due to particle moisture)
is described in panels A and B of Fig. 4. Steady operation

was observed at all experimental conditions without oxygen
breakthrough, and transient behavior due to a change in
experimental operating conditions was resolved in 1-2 min.
Carbon conversion to C; products is >99% for all C/O
presented, and carbon selectivity to methane was <3% for
all C/0. Selectivity to H, ranges from a minimum of 14% at
C/0 = 0.6, to a maximum of 47% at C/O = 0.9. The majority
of the remaining hydrogen atoms were converted to water.
Selectivity to carbon monoxide ranges from a minimum of 21%
at C/0 = 0.6, to a maximum of 38% at C/O = 0.9. The majority
of the remaining carbon atoms were converted to CO,. For
C/0 < 1.0 at S/C = 0.05, experimentally measured selectivity
to gaseous products achieved equilibrium within experimental
error. Complete conversion was attainable at residence times less
than 40 ms.

At C/0 = 1.0, production of organic species larger than C,
was observed in the chromatogram. The incomplete decomposi-
tion to equilibrium products can be attributed to slower kinetics,
resulting from the decreased temperature at C/O = 1.0. For all
C/0, the coldest part of the catalyst bed (7'5) never dropped
below 500 °C. The experimentally measured temperatures are
shown in Fig. 5, and will be discussed in the next section. Overall
performance with alumina spheres as a support for the Rh—Ce
catalyst was very similar to that of 80 ppi alumina foams."”

Panels C-E of Fig. 4 show selectivity to hydrogen and carbon
monoxide as a function of C/O for the CPOx of cellulose
at varying concentrations of N,, O,, and H,O feed gases.
Steady operation was observed at all experimental conditions
without oxygen breakthrough, and transient behavior due to
a change in experimental operating conditions was resolved in
1-2 min. Carbon conversion to C; products is >99% for all
C/0 presented. Additionally, average methane selectivity with
respect to carbon was <3% for all C/O. In panel C, 19% molar
substitution of nitrogen with steam raised the selectivity to H,
to 63% while lowering selectivity to CO to 35% at C/O = 0.9.
‘When the substitution for nitrogen with steam was raised to 39%
in panel D, the overall operating temperature decreased (shown
in Fig. 5), and the C, organic species were observed at C/O =
0.90. However, at C/O = 0.8, selectivity to H, was 58% and
selectivity to CO was 32%. Further substitution of steam for
nitrogen to 59% H,O gaseous feed further cooled the operating
temperature of the reactor (Fig. 5), but the addition of steam
raised the observed selectivity of H, to 71% and lowered the
selectivity to CO to 25% at C/O = 0.8. Panel F of Fig. 4 relates
the observed species to the operating S/C ratio for each of the
experimental trials.

Spatial temperature profiles

Measurements of the temperature within the fixed bed of
catalyst spheres provide experimental insight to support the
proposed mechanism detailed in the next section. By inserting
thermocouples radially into the fixed bed of catalyst as shown in
panel D of Fig. 5, the temperature at which reforming chemistry
is occurring is known with millimetre resolution. Panels A, B,
and C describe the effect of cellulose flow rate, process C/O ratio,
and magnitude of steam substitution for nitrogen, respectively.
Panel A of Fig. 5 shows that the spatial temperature profileis a
very strong function of the flow rate of cellulose. Both flow rates,
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25 gh™' and 40 g h™!, exhibit a rise in temperature between the
top of the catalyst bed (0 mm) and the maximum temperature
(~5 mm). However, the magnitude of the temperature increase
appears to be a function of the total flow rate with higher
feedstock flow rates exhibiting higher thermal gradients within
the oxidation zone. This can be partially explained by an
increased distance between the endothermic chemistry at the
catalyst front face and exothermic chemistry taking place in the
oxidation zone. In contrast, both flow rates of cellulose exhibit
the same rate of temperature decline after the temperature
maximum (~5-30 mm). The difference in exit temperature (75)
for differing flow rates can be attributed to heat loss from the
reactor.

Panel B of Fig. 5 details the effect of C/O ratio on the
spatial temperature profile for a cellulose feed rate of 25 g h™!
at S/C = 0. More oxygen feed (lower C/O) exhibits an overall
hotter profile due to more overall exothermic chemistry. Panel
C of Fig. 5 shows the effect of substituting steam for nitrogen
at 0 mol%, 19 mol%, 39 mol%, and 59 mol% on the spatial
temperature profile for a cellulose feed rate of 40 g h™' and
C/0 =0.7. The initial substitution (0— 19 mol%) has the effect
of slightly raising the temperature from ~5-30 mm likely due to
the temperature of steam (100 °C). However, further substitution
(19— 39 mol%, and 39— 59 mol%) monotonically decreases the
overall temperature profile 10-15 °C. A likely explanation is the
increased heat capacity of steam over nitrogen.

Process chemistry

The process by which solid particles of cellulose ~315 um
in average diameter are reduced to C, products (Fig. 6) at
millisecond time scales must account for particle volatilization
in the presence of oxygen integrated with the catalytic partial
oxidation of volatilized products on a noble metal surface. Each

Chemistry

Volatilization: (C¢H,,0;), = Gases + VOC + Char
Char + O, 2> Gases

Oxidation: VOC + O, 2> Gases

Reforming: VOC + H,0 & Gases

CO +H,0 € CO, +H,

process (particle volatilization or catalytic reforming) consists
of complex multi-phase chemical mechanisms and multiple
modes of heat transfer for which the current understanding
by computer modeling does not even extend to the individual
process.””?® The chemical and heat integration of the two pro-
cesses expands the complexity of the overall reaction such that
mechanistic observations are currently only available through
effluent data and experiments considering more simple fuel
species.

The impact of the cellulosic particle with the hot catalytic
surface likely initiates the process chemistry. The extent of
particle conversion occurring within the gaseous region 3—
10 mm above the catalytic bed is likely limited, because previous
examination has measured the gas-phase temperature of this
region less than 300 °C severely limiting particle conversion by
pyrolysis.'””? Fig. 5 (panel B) shows that 7' = 700-800 °C for
C/0 =0.9 at the leading edge of the catalyst, providing sufficient
conductive heat transfer from catalyst support to particle for
volatilization.

Particle volatilization is likely a complex convolution of heat
transfer and reaction chemistry. Complete particle conversion
must account for at least (1) the drying of the particle (~5 wt%
moisture), (2) cellulose pyrolysis to gases (e.g. CO, H,), volatile
organics, and chars, (3) volatile organic cracking to gases, and
(4) oxidation of gases, volatile organics, and chars. Multiple
cellulose pyrolysis lumped kinetic models exhibit some form of
competitive pathways to either gases (e.g. H,O) and char, volatile
organics (e.g. acetic acid, methanol), or just gases.*** Fluidized
bed fast pyrolysis reactors maximize selectivity (~70 wt%) to
volatile organics around 500 °C for ~1-2 s with millimetre-
sized particles.®> Lower temperatures favor char production,
while higher temperatures exhibit higher selectivity to gases
with the lower kinetic limit for char production of ~3 wt% at
700-800 °C.*

Reactor Transport
(CgH1gO5)n + O, + H,0
Generation
Conduction
Convection
_ Endothermic ______~ ______ [
Exothermic ] |

Global Chemistry:
(CgH1¢05), + O, + H,O > CO + CO, + H, + H,O

Synthesis Gas

Fig. 6 The proposed chemical and thermal integration of millisecond particle reforming on a fixed bed of noble metal catalyst permits rapid
conversion of organic solid materials to synthesis gas. Particles undergo rapid endothermic volatilization upon impact with a hot, catalytic surface,
producing gases (e.g. H, and CO) and volatile organic compounds (VOCs). Volatile species flow into the catalyst and produce gases by exothermic
surface and gaseous oxidation chemistry. Thermal energy generated in the oxidation zone conducts upward to the volatilization zone, and down to
the reforming zone where remaining VOCs and gases undergo steam reforming and water-gas-shift to achieve equilibrium selectivity to synthesis gas.
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Application of cellulose pyrolysis kinetics to spherical geom-
etry to account for heat and mass transport has considered
particle degradation in an inert atmosphere extensively.’*
Under optimal fast pyrolysis conditions, organic particles as
large as 1 mm usually exhibit heat transport control, while
particles with diameters less than ~200 pm exhibit chemical
kinetic control.’” The experiment considered here examines
a related situation of direct impingement of a ~315 pm
particle with a hot surface. One-dimensional transport/kinetic
models considering solid cellulose rods contacting isothermal
hot surfaces has shown superior selectivity to volatile organics
due to higher particle heating rates.*® In an inert atmosphere
with solid surface temperatures of 700-800 °C, models predict
cellulose pyrolysis of particles on the order of millimetres to
exhibit selectivity to volatile organics as high as ~90 wt% and
char less than 5 wt%.*

The applicability of these simulations to the particle volatiliza-
tion of the considered experiment depends greatly on the magni-
tude of oxidation chemistry occurring within the particle by in-
teraction with the gaseous feed. The considered microcrystalline
cellulose, depicted in Fig. 1, exhibits high porosity permitting an
initial internal supply of oxygen. However, the evolution of gases
and volatile organics that must be transported to the particle
surface due to a difference in density must significantly hinder
diffusion of oxygen into the particle. Alternatively, the oxidation
of evolved species at the particle surface can only be elucidated
through the consideration of a flow boundary layer as has been
considered for particle combustion in a methane flame.”’

Evolved species from the solid particle likely mix with the
bulk gas (O, + N, + H,0) and flow into the fixed catalyst bed
of Rh—Ce/y-Al,0;/0a-Al,O; spheres. Likely devolatilized species
include the same species observed in bio-oil samples that are
derived from carbohydrate pyrolysis such as methanol, hydrox-
yacetaldehyde, acetic acid, or several furan-based compounds.*!
Highly oxygenated species such as polyols (ethylene glycol and
glyercol) have exhibited continuous, steady-state processing to
synthesis gas with high conversion (>99%) and equilibrium
selectivity to synthesis gas.'S Similar behavior has also been
observed from the reforming of other species classes including
esters and acids, ethers, and sugars.’®*** However, the role of
competition existing within mixtures for surface chemistry is
unknown, and limited research exists examining the catalytic
partial oxidation of mixtures of organics.*

The conversion of oxygenated species by catalytic partial
oxidation is likely to occur by the general mechanism observed
with methane reforming. Internal species measurements of
methane have shown that conversion of fuel occurs in two
distinct zones: oxidation and reforming.* In the oxidation zone,
volatile fuel species premixed with bulk gases enter the fixed-
bed of catalyst spheres at high velocity and undergo exothermic
surface oxidation chemistry. Greater than 99% of oxygen is
consumed (by definition) within this region likely producing a
significant fraction of the thermodynamic species (H,, H,O, CO,
and CO,) by surface chemistry. At low C/O ratios (more oxygen
rich), the oxidation zone converts a large fraction of the fuel.

At higher C/0O, a more significant fraction of fuel passes
through the oxidation zone to the reforming zone. Endothermic
surface chemistry between fuel and oxidation products such as
H,O (steam reforming) or CO, (dry reforming) provide chemical

routes to equilibrium. Additionally, the gas temperature is
sufficiently high to permit endothermic cracking of fuel to
smaller fuel species. Both of these chemistries are likely occurring
simultaneously, effectively lowering both the surface and gas
phase temperature as shown in Fig. 5. The performance of
the reforming zone ultimately determines the conversion of
volatile fuel species. By selecting a sphere bed (small pores)
with a y-Al,O; washcoat, the reactor is tuned in favor of
the surface chemistries to the desired C, species. For high
conversion of fuel, this zone must remain sufficiently hot to
permit chemistries at millisecond time-scales. As C/O increases,
less thermal energy is generated in the oxidation zone, and
the endothermic chemistry of the reforming zone critically
cools denying complete conversion of volatile organics. By this
mechanism, volatile organics are initially produced at C/O > 1.0
for fuel flow rates of 25-40 g h™' on the considered fixed bed
catalytic reactor (L = 30 mm).

Process limitations

The combination of solid conversion chemistry with the au-
tothermal reforming of gaseous compounds introduces a greater
number of process variables and prevents a clear definition
of the limits of the process. If the objective of the process
is steady long-term reforming to synthesis gas, then selected
sets of process parameters which result in either incomplete
conversion to C, products, catalyst deactivation, or upstream
combustion of particles are outside of the domain of sustainable
parameters. The incomplete conversion of cellulose to C, was
observed when the temperature 30 mm into the catalyst bed
was at or below about 500 °C. Table 1 (trials 1-4) lists a set
of performance specifications that permit operation relatively
close to this requirement. Catalyst deactivation can occur
if the maximum in temperature observed at ~5 mm within
the catalyst bed exceeds ~1200 °C, permitting conversion of
v-ALO; to a-Al,O; or sintering of Rh. This high temperature
is accessible at any flow rate (25-60 g h™") provided the C/O
is low enough to generate sufficient heat. The third major
process restriction is the ignition of solid particles above the
catalyst which can propagate up the feed stream in an unsafe,
unsustainable manner. The minimum ignition temperature of
small (I pm—1 mm) organic particles is a function of at least
particle size and concentration, with smaller particles igniting at
lower temperatures.*® The precise characteristics describing the
ignition of particles approaching a hot surface are unknown.
However, we have demonstrated that sets of process parameters
exist for which processing can occur without dilution with N,
on particles as small as 300 um.

Process performance

Using the knowledge gained from the experiments described in
Fig. 4 and 5, experimental trials were executed to demonstrate
the conversion of solid cellulose to an optimal synthesis gas
stream. By selecting a fixed sphere-bed catalyst 6 cm in length
and a process flow rate of 60 g h™' at a C/O = 0.9 with steam
addition of S/C = 2.14 and 0% nitrogen addition, it was possible
to completely convert cellulose to a synthesis gas rich stream
with a synthesis gas ratio of H,/CO = 2.3 comprising a dry mole
fraction of 42%. Under these conditions the reactor exhibited
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steady autothermal reforming with no oxygen breakthrough at
a gaseous residence time less than 30 ms. Additionally, ~80%
of the atomic hydrogen provided by the feedstock cellulose was
converted to molecular H,.

Analysis of the conversion from a solid fuel to a gaseous
fuel must account for the loss in fuel value. Using the method
described in the experimental section, the maximum theoretical
work that could be achieved from the feedstock cellulose
(availability) was ~18 MJ kg~'. By millisecond reforming, nearly
~75% of this potential was maintained as the gaseous effluent in
the optimal experiment (trial 5 of Table 1). Most of the retained
fuel availability existed within the synthesis gas (75-80%) with
the remaining fraction occurring with the high temperature
(600-800 °C) steam, carbon dioxide or nitrogen. The loss in
~25% of the fuel value of cellulose can be attributed process
irreversibilities such as the generation of a large number of
moles from cellulose. The primary benefit offsetting the one
quarter loss in fuel value is an improvement in ease of fuel
handling. Relative to gases, the transportation of solids within
a chemical process remains a demanding, energy intensive
technique requiring significant maintenance.

Comparison of the autothermal steam reforming of cellulose
with other catalytic gasification techniques will ultimately de-
termine the benefit of small, fast chemistry. While a complete
process design and economic analysis is ultimately the best
technique for determining the optimal process, an analysis of
the operation of the gasification reactor provides an alternative
metric that can be realistically assessed within this report. Fig. 7
details the performance of four different biomass gasification
reactors containing multiple catalysts with the goal of relating
the rate of biomass processing to both the size of the reactor and
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Fig. 7 Various processes to convert organic solids to synthesis gas
exhibit operational performance grouped by process type despite
utilizing several different catalysts: dolomite (A), Ni (H), Rh (), Ru
(@). The carbon space velocity provides a measure of the reactor volume
by relating the molar processing of carbon to the volume necessary for
chemical conversion. The carbon mass velocity provides a measure of
catalyst usage by relating the molar processing of carbon to the mass of
the catalyst. Complete details and references are located in the ESI.{

the use (mass) of the catalyst. The carbon space velocity has been
defined as the ratio of the molar flow rate of biomass carbon to
the volume necessary for reaction chemistry. By this definition,
higher carbon space velocities result in smaller reactors. The
carbon mass velocity has been defined as the ratio of the mass
flow of biomass carbon to the mass of catalyst such that higher
mass velocities result in lower use of catalyst. Full details of
all data points and calculations are located in the electronic
supplementary information.f

As shown in Fig. 7, the existing technology for the BTL
process of fluidized (circulating and bubbling) bed gasifiers with
downstream gas cleaning in fixed bed catalytic reactors exhibit
carbon space velocities of ~0.5-8.0 mol L™ h™' and carbon
mass velocities of ~0.8-9.0 h~'. By applying catalysts directly
to the fluidized bed, the use of catalyst (mass velocity) remains
about the same, but the volume can be reduced as the space
velocity increases to 8.0-30 mol L' h~' An alternative process
to produce synthesis gas produces volatile organics (bio-oil) in
fluidized bed reactors which can be steam reformed to synthesis
gas. Because this process still uses a fluidized bed, the space
velocity remains in the 8.0-30 mol L~' h™! range, but the high
throughput of bio-oil steam reformers has permitted very high
utilization of the Niand Ru catalysts corresponding to high mass
velocities in the range of 50-80 h~'. Millisecond reactors further
improve the carbon space velocity to 100-300 mol L~' h™! by
carrying out the solid conversion to reformable species directly
on the reforming catalyst. In general, millisecond reactors are
at least an order of magnitude smaller and use less catalyst than
most conventional catalytic gasification schemes.

Conclusions

We show that three sets of chemistries necessary for the biomass-
to-liquids process (volatilization of cellulose, tar-cleaning of
organic compounds, and the water-gas-shift of the gaseous
effluent) can be integrated into one continuous flow catalytic
reactor by reactive flash volatilization. Complete conversion
of microcrystalline cellulose particles (~300 um) to only C,
products can occur faster than 30 milliseconds with the use
of Rh-Ce/y-Al,O; catalysts over a wide range of S/C, C/O,
and N,/0,. Steady, autothermal reforming without the presence
of a diluent such as N, produces a more synthesis gas rich
effluent. Additionally, the effluent synthesis gas ratio is tunable
(1.0 < H,/CO < 3.0) by manipulating the S/C of the reactor
feed. The process appears to occur by the thermal integration
of endothermic particle volatilization driven by heat conducted
from an exothermic oxidation zone within the catalyst bed.
Sufficient heat transfer from the oxidation zone to the entire
fixed catalytic bed is thought to maintain the temperature
above that at which coke is predicted by equilibrium. By this
method, optimal processing conditions permit conversion such
that ~75% of the fuel value of the cellulose is maintained in the
synthesis gas effluent.
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Up to now the issues of mixture toxicity and combination effects were neglected within a

prospective hazard assessment of ionic liquids (ILs). However when being released to the

environment, mixtures of ILs or mixtures of ILs and other pollutants are likely to occur and

therefore the impact of mixture toxicity should be taken into account. Thus this study investigates
the effects of three differently composed mixtures containing ILs as well as ILs and the heavy
metal cadmium on limnic green algae (Scenedesmus vacuolatus) and wheat (Triticum aestivum).
For an evaluation of the results, two well established concepts of concentration addition (CA) and
independent action (IA) were used. Both (CA and IA) underestimated the effects of the mixtures
consisting exclusively of ILs leading to the assumption that interactions between the mixture

components or between the mixture components and the environmental matrix occurred. The
general applicability of CA and IA must be questioned. For the mixture of ILs and cadmium the
deviations from the predictions were moderate (and less toxic than expected) so that CA can be
recommended as a starting point for the analysis of combination effects of ILs and heavy metals.
In general the presence of cadmium reduced the toxicity for both the aquatic as well as the
terrestrial organisms. The green algae reacted approximately two orders of magnitude more
sensitive to the mixture scenarios than wheat and proved to be a good reference test system for the
evaluation of measured effects within a prospective hazard assessment of ionic liquids.

Introduction

Tonic liquids (ILs) are a promising substance class regarding
their interesting physicochemical properties. Manifold appli-
cations of certain ILs have been described in the fields of
e.g. synthesis,! electrochemistry® and (bio)catalysis.** The main
advantage of certain ILs is their improved operational safety
in comparison to conventional solvents. This is based on
the negligible vapour pressure of ILs, resulting in reduced
air emissions and non-flammability. Nevertheless, there is a
great uncertainty regarding their hazard potential and up to
now studies investigating the ecotoxicological hazard potential
emanating from ILs focused on single substance toxicities
only.>*® However aquatic and terrestrial ecosystems are exposed
to various multi-component mixtures of pollutants differing
in composition and concentration. It is impossible to test all
possible mixtures of chemicals and in general the problem of
chemical mixtures is neglected in regulation to a large extent due
to the high complexity of combination effects. To deal with this
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10: Ecology, University of Bremen, Leobener Strafse, D-28359, Bremen,
Germany. E-mail: matzke@uni-bremen.de
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problem there are large efforts to reliably predict combination
effects of xenobiotics based on single substance toxicities. Two
well established concepts, originating from pharmacological
research have successfully been used in ecotoxicology for the
investigation of mixture toxicities in single species tests'™¢ as
well as in community studies:'”®

(a) Concentration addition (CA) describes similarly act-
ing substances, first introduced by Loewe and Muischnek in
1926/1927** and

(b) Independent action (IA) describes dissimilarly acting
compounds, first introduced by Bliss in 1939.%

Especially in aquatic toxicology the concept of concentration
addition is mostly used for the prediction of combination
effects.”

Because an IL itself represents a mixture (consisting of a
cationic and an anionic moiety) first attempts were made in
previous studies to apply the concept of CA for the prediction
of the toxicity of one single ionic liquid. The applicability of
concentration addition was confirmed for the prediction of ionic
liquid toxicity for the mammalian cell line IPC-81.2* The here
presented study investigates the applicability of the concepts of
CA and IA to mixtures of selected imidazolium based ILs and
to mixtures of selected imidazolium based ILs in combination
with the heavy metal cadmium. Cadmium was chosen because
it is widespread in the aquatic and terrestrial environment due
to natural occurrence and anthropogenic pollution and due to
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its persistence?** If ILs are being released to the environment
mixture toxicities of this heavy metal and ILs are likely to occur.
For a prospective hazard assessment of substances or substance
classes in general investigations on behaviour and toxicity of
mixtures of those substances with well known environmental
pollutants are desirable.

The major difference in the applicability of the two concepts
is the distinction between similarly and dissimilarly acting
substances. The criteria for similarity/dissimilarity can include
similar target sites, similar mechanisms/modes of action or
even similar chemical structures. Up to now no clear definition
exists for similarity/dissimilarity and the criteria for a definition
are controversially discussed in the literature.” For the context
of this study the selected ILs are treated as similarly acting
substances, based on the assumption that the mode of toxic
action of ILs is mainly driven by the hydrophobicity of the
compounds, which is named baseline toxicity. In contrast for a
combination of the heavy metal cadmium and ILs a mixture of
dissimilarly acting substances is to be expected. Several studies
have found that CA fits for most chemical mixtures (even with
independent modes of toxic action)?®® or overestimates the
measured effects (lower ECx values), resulting in a “worst case”
scenario which would be preferable from a precautionary point
of view.

The concepts of concentration addition and independent
action are based on the assumption that no interactions between
the mixture components or the mixture components and the
environmental matrix occur. Deviations from the respective
predicted mixture toxicities are called synergistic (more toxic
than expected) or antagonistic events (less toxic than expected).
For a clear description of the observed effects it is important to
refer to the used model, e.g. synergistic with respect to CA or
antagonistic with respect to CA.*

The concept of concentration addition is based on similarly
acting components only differing in the relative strength of their
toxic effects, i.e. one substance acts like a dilution of another.
CA can be mathematically expressed as follows:

n

C,

i =1
= ECx, M

with n = number of mixture compounds, ECx; = concentration
of the ith mixture component causing x% effect when applied

alone, ¢; = the concentration of the respective compound in the
mixture.?

In contrast the concept of independent action is based on
the assumption that the mixture compounds affect different
biological subsystems within one organism. So if the single
components of a mixture are present in non-effect producing
concentrations they do not contribute to mixture toxicity, which
is in contrast to CA.

The mathematical formulation of the concept of IA is:

E(ey,)=E(c, +"'CN):1_I_II[1_E(C:'):| 2
with E(cyi,) = predicted effect (scaled from 0-1) of an n-
component mixture, ¢; = concentration of the ith component,
E(c;) = effect of that component when applied alone.*

The aim of this study was the analysis of mixture toxicities of
three imidazolium based ILs as well as of mixtures of ILs and
the heavy metal cadmium. Fig. 1 shows the structures of the
analysed compounds.

The test compounds

Dependent on the investigated environmental compartment,
different effects of the analysed mixtures can be expected.
The soil matrix represents more interaction potential with
the compounds and the bioavailability of the mixture can be
reduced e.g. due to sorption processes. In contrast in an aquatic
surrounding sorption processes are of minor importance and
the organisms are exposed to the mixture in a more pronounced
way. So for a prospective hazard assessment representatives from
the terrestrial environment (7riticum aestivum, wheat) as well as
from the aquatic environment (Scenedesmus vacuolatus, limnic
green alga) were taken into account. Three different mixtures
were analysed either containing three selected imidazolium
based ILs alone or in combination with cadmium:

1. Mixture I analyses an EC,, fixed ratio mixture containing
IM14 BF,, IM18 BF, and IM 14 (CF;SO,),N

ii. Mixture II analyses an EC,, fixed ratio mixture containing
IM14 BF,, IM18 BF, and IM14 (CF;SO,),N and cadmium
chloride.

iii. Mixture III simulates an EC,, fixed ratio ionic
liquid mixture containing IM14 BF,, IM18 BF, and
IM14 (CF;S0,),N which gets in contact with a cadmium

M%\A RN

F /
N F
F F
a) b)
d  CdcCl,

F

[ Jummmmnt =}

7y

C o—s. {

Fig. 1 Structures of the test compounds: (a) 1-butyl-3-methyl-imidazolium tetrafluoroborate (IM14 BF,), (b) 1-octyl-3-methyl-imidazolium
tetrafluoroborate (IM18 BF,), (c) 1-butyl-3-methyl-imidazolium bis[(trifluoromethyl)sulfonyljimide (IM14 (CF;S0,),N), (d) cadmium chloride.
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contaminated environment (aquatic and terrestrial). For this
mixture a constant cadmium background concentration at
environmentally relevant levels was used for all tested mixture
concentrations.

In general a fixed ratio design means that the ratio of
the mixture components is kept constant while the overall
concentration of the mixture is varied so that a complete
dose response curve can be experimentally recorded.** The
single compounds contribute to the mixture in relation to their
individual toxicities (ECy). A detailed description of the mixture
design is given in the experimental section. The EC,-fixed ratio
design was used because it allows an analysis at low effect levels,
which is more likely to occur in the environment.

The three different mixtures were analysed according to the
following hypotheses:

i. For the prediction of combination effects of the ILs mixtures
the concept of concentration addition fits.

ii. For the prediction of combination effects of the ILs
mixtures and cadmium the concept of independent action is
expected to fit.

iii. The test system with the freshwater alga will react
more sensitive to the investigated mixtures than the one with
wheat.

iv. The occurrence of cadmium within the mixture (either
as an environmental relevant background concentration or as

140 4

a component of the mixture) leads to antagonistic (less toxic)
effects due to interactions of the substances in comparison to
the ILs mixture.

Results

Comparison of the obtained mixture toxicities with the
predictions

The experimental data with the fits, the 95% confidence intervals
and the prediction bands for all three mixtures obtained in the
reproduction inhibition assay with Scenedesmus vacuolatus and
the growth inhibition assay with Triticum aestivum are shown in
Fig. 2 and 3.

Table 1 provides an overview on the experimentally obtained
EC,, ECy, and ECy, values as well as the predictions according
to CA and IA for mixture I and IT in the reproduction inhibition
assay with Scenedesmus vacuolatus. The calculated EC,,, ECs,
and ECy for mixture III (containing cadmium as a fixed
background concentration) are additionally given to compare
all three mixtures with each other.

In the reproduction inhibition assay with Scenedesmus vac-
uolatus for mixture I CA only fits for the EC, value. For
the other concentrations both concepts underestimated the
toxicities indicating synergistic effects. Within mixture II the
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Fig. 2 Experimental data with fit, 95% confidence intervals and prediction bands for all three mixtures in the reproduction inhibition assay with
Scenedesmus vacuolatus, (a) mixture I = EC,, fixed ratio mixture with the three ILs; (b) mixture II = EC,, fixed ratio mixture with the three ILs and
cadmium chloride; (c) mixture III = cadmium chloride background concentration and an EC,, fixed ratio mixture of the three ILs.
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Table 1 Overview on the obtained EC,,, ECs5, and ECy, values for all three mixtures as well as the calculated values for the CA and IA predictions in
the reproduction inhibition assay with Scenedesmus vacuolatus for mixture I and II; n.d. = not determined because both concepts are not suitable to
calculate the predictions with a fixed background concentration of a pollutant; squared brackets show the 95% confidence intervals of the experimental

data
r? ECx Experimental/pmol L' CA/pmol L! IA/pmol L'
Mixture I 0.958 20 16 [15-19] 15 22
50 20[19-22] 30 45
80 22[21-23] 48 68
Mixture IT 0.868 20 10 [6-14] 11 17
50 19 [15-24] 24 39
80 30 [24-41] 40 62
Mixture IIT 0.96 20 20 [17-23]
50 31[31-38] n.d. n.d.
80 51 [46-56]
140 - 140 -
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Fig. 3 Experimental data with fit, 95% confidence intervals and prediction bands for all three mixtures in the growth inhibition assay with Triticum
aestivum, (a) mixture I = EC,, fixed ratio mixture with the three ILs; (b) mixture II = EC,, fixed ratio mixture with the three ILs and cadmium
chloride; (c) mixture III = cadmium chloride background concentration and an EC,, fixed ratio mixture of the three ILs.

experimentally obtained mixture toxicity data can be predicted
by the concept of concentration addition. Fig. 4 and 5 show the
results of the fit of the experimental data in comparison to the
predictions according to CA and IA.

In Table 2 an overview on the experimental obtained EC,,
EC,, and ECy, values as well as the predictions according
to CA and TA is given for mixture I and II in the growth
inhibition assay with Triticum aestivum. The calculated EC,,,

EC5 and ECy, for mixture III (containing cadmium as a fixed
background concentration) are additionally given to compare
all three mixtures with each other.

In the growth inhibition assay with Triticum aestivum for both
mixtures the predictions of CA and IA are nearly congruent.
For mixture I at the EC,, level CA correctly described the
obtained effects, for the other concentrations both concepts
clearly underestimated the observed mixture toxicities. Within
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Fig. 4 Fit of the experimental data (with 95% confidence bands) to
a two-parametric Weibull model in comparison to the predictions for
the reproduction inhibition assay with Scenedesmus vacuolatus for the
EC,, fixed ratio mixture containing IM14 BF,, IM18 BF, and IM14
(CF;S0,),N (mixture I).
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Fig. 5 Fit of the experimental data (with 95% confidence bands) to a
two-parametric Weibull model in comparison to the predictions for the
reproduction inhibition assay with Scenedesmus vacuolatus for the ECy,
fixed ratio mixture containing IM14 BF,, IM18 BF,, IM14 (CF,S0,),N
and cadmium (mixture II).

mixture II antagonistic effects occurred for the concentration
response curves up to the level of the ECy, values, only at these
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Fig. 6 Fits of the experimental data (with 95% confidence bands) to
a two-parametric Weibull model in comparison to the predictions for
the growth inhibition assay with Triticum aestivum for the EC,, fixed
ratio mixture containing IM14 BF,, IM18 BF, and IM14 (CF;S0O,)2N
(mixture I).
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Fig. 7 Fits of the experimental data (with 95% confidence bands) to

a two-parametric Weibull model in comparison to the predictions for

the growth inhibition assay with Triticum aestivum for the EC,, fixed

ratio mixture containing IM14 BF,, IM18 BF,, IM14 (CF;S0,),N and

cadmium (mixture II).

high effect concentrations the effects were correctly described
by both concepts. In Fig. 6 and 7 the results of the fit of the

Table 2 Overview on the obtained EC,,, ECs, and ECy, values for all three mixtures as well as the calculated values for the CA and IA predictions
in the growth inhibition assay with Triticum aestivum for mixture I and II; n.d. = not determined because both concepts are not suitable to calculate
the predictions with a fixed background concentration of a pollutant; squared brackets show the 95% confidence intervals of the experimental data

r? ECx Experimental/pmol kg™! CA/pmol kg™ IA/pmol kg™

Mixture I 0.949 20 214 [167-265] 244 287

50 436 [375-505] 749 854

80 741 [627-915] 1606 1853
Mixture IT 0.857 20 645 [404-985] 309 290

50 1396 [1039-1985] 961 964

80 2460 [1736-3500] 2131 2189
Mixture IIT 0.957 20 799 [644-1002]

50 1372 [1187-1738] n.d. n.d.

80 2075 [1663-2685]
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experimental data in comparison to the predictions according
to CA and IA are given.

Comparison of the three mixture scenarios

In general the green algae reacted approximately two orders of
magnitude more sensitive to the mixture scenarios than wheat
(Fig. 8).

120 1

Scenedsmus vacuolatus

Triticum aestivum
100 A

o
o
2

o)
[=]
L

N
o
L

[N]
o
)

o

Growth Inhibition [%] for Triticum aestivum

Reproduction Inhibition [%] for Scenedesmus vacuolatus

T
1 10 100 1000

Concentration [pmol]

——— Mixture I: EC, fixed ratio ionic liquids
— — — Mixture II: EC,, fixed ratio ionic liquids and cadmium

Mixture I1I: EC, fixed ratio ionic liquids and fix background
concentration of cadmium

Fig. 8 Fits of the experimental data for all three mixtures in the

reproduction inhibition assay with Scenedesmus vacuolatus (left side)
and in the growth inhibition assay with Triticum aestivum (right side).

Dependent on the investigated environmental compartment
and organism, different results were obtained for the three
mixtures. For Scenedesmus vacuolatus it made a clear difference
whether cadmium was present as a fixed background concen-
tration or the heavy metal was part of the fixed ratio mixture.
With cadmium being a background pollutant the toxic effects
were clearly reduced in comparison to the fixed ratio mixtures
of the three ILs with or without the heavy metal. For the
terrestrial compartment no differences were observable between
the mixtures containing a fixed ratio cadmium concentration or
a cadmium background concentration. Both mixtures produced
less toxic effects (~factor 3) in comparison to the pure ionic
liquid mixture.

Discussion

In general the concepts of concentration addition and inde-
pendent action provided no precise prediction of the observed
effects with one exception. Only within mixture II (reproduction
inhibition assay with Scenedesmus vacuolatus, mixture contain-
ing ILs and cadmium) the concept of concentration addition
approximately confirmed the prediction in accordance with the
observed effects.

The toxicities of the ionic liquid mixtures were underestimated
by CA and IA for both organisms and clear synergistic effects
could be observed. In contrast, for the ionic liquids—cadmium
mixture the effects for wheat were slightly overestimated by
both concepts. So both concepts did not give precise predictions

of the expected mixture toxicities. Even if the used concepts
strictly exclude interactions of the mixture compounds™? the
deviations of the experimental data from the predictions lead to
the assumption that interactions between the tested substances
or interactions with the environmental compartment occurred.
The lack of knowledge about the mode of toxic action of ILs and
the various modes of toxic action caused by cadmium complicate
the interpretation of the obtained results.

Since the obtained experimental data did not fit in with
the predictions of CA and IA, especially for ionic substances
interactions are likely and further studies are recommended to
obtain more precise prediction concepts for combination effects
of ILs, which would be desirable from a regulator’s point of view.
In particular an analysis of the modes of toxic action is needed
for a better understanding of the observed deviations from the
two prediction concepts.

The obtained synergistic effects (ILs mixture for both green
algae and wheat) are a worst case incidence because the mixture
toxicity was underestimated by both concepts. In contrast
a result overestimating the toxicity (mixture with ILs and
cadmium for wheat) is the more favourable case from an
ecological and a regulatory point of view because the observed
effects are not as drastic as expected. It is also important to
analyse a complete concentration response curve of a mixture
because, as shown in this study, for selected parts of the curves
the experimental data and the predictions fitted quite well (e.g.
mixture of ILs and cadmium in the assay with Scenedesmus
vacuolatus).

An ionic liquid itself represents a mixture because it consists
of a cationic and an anionic moiety. Previous studies proved
the applicability of concentration addition for the prediction of
the toxicity of single ILs in different combinations of cations
and anions with the exception of the (CF;SO,),N~ anion for the
mammalian cell line IPC-81 and the marine bacterium Vibrio
fischeri. 3 This means in the presence of the (CF;SO,),N~ anion
the observed mixture toxicity was synergistic in comparison to
the prediction. Hence, a possible explanation for the synergistic
effects of the ILs mixture on the green algae and wheat could
be the presence of the (CF;SO,),N~ anion in the mixture.
Therefore the question arises if concentration addition could
precisely predict mixture toxicity for ILs mixtures excluding ILs
containing the (CF;S0,),N™ anion, e.g. a mixture of IM14 BF,,
IM16 BF, and IM18 BF,.

As expected, differences in the observed effects occurred
dependent on the investigated environmental compartment
and organism. In general the green algae proved to be more
sensitive, probably due to the higher bioavailability of the tested
pollutants. In contrast to the aquatic environment the soil matrix
represents a good interaction basis for (ionic) substances to react
with and thus reduces the bioavailability of the pollutant or the
pollutant mixture, e.g. due to sorption processes. When cadmium
was present in the mixture the toxic effects were in general lower
than for the pure ILs mixtures. This could perhaps be explained
by the possibility of complexation processes of the ILs with the
heavy metal since all test compounds are ionic substances and
show potential to interact with each other. The bioavailability
and therefore toxicity of chemicals in the environment is strongly
dependent on variations of the pH values as documented in a
literature review by Frische ez al.*> No changes of the pH values
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were recorded within the test duration, therefore influences of
differing pH conditions can be excluded but should be taken
into account in following studies for both the terrestrial and the
aquatic environment since pH is a key factor varying with site
conditions.

Both prediction concepts are limited in their explanatory
power due to interactions between the substances themselves
and because the influence of environmental conditions (abiotic
or biotic) on mixture toxicity cannot be considered within
these mathematical models due to the high complexity of
environmental systems. Effects of chemical mixtures can change
with environmental conditions (e.g. changes in pH values, in the
composition of aquatic or terrestrial systems, in temperature
etc.) or with interactions of the inhabitants of the observed
compartment. All these factors influence mixture toxicity and
complicate the assessment of combination effects. Additionally
CA and IA do not consider mixture scenarios, which are environ-
mentally more relevant, e.g. mixtures with differing ratios of the
mixture compounds or pre-pollution of the environment with
certain compounds with a subsequent pollution through further
chemicals. The results in this study proved the importance of
pre-pollution scenarios because for the aquatic test system clear
differences could be noticed if either cadmium was present as
a background concentration or if it was present as a “fixed”
part in the mixture. Therefore further studies should deal with
more complex mixture scenarios. Still, despite a number of
reservations, the two concepts of concentration addition and
independent action represented a starting point to investigate
combination effects.

Conclusion

None of the two used concepts precisely predicted the obtained
mixture toxicities. This leads to the assumption that interactions
between the analysed mixture components occurred. Neverthe-
less the concept of concentration addition can be used as a
basis for the analysis and prediction of mixture toxicities of ILs
and cadmium due to the fact that in this case the deviations
from the predictions were moderate. The presence of cadmium
reduced the toxicity for all tested mixtures in comparison to
the pure ILs mixture. For the limnic green algae a distinction
could be made for the cadmium being present in the mixtures:
a fixed background concentration of the heavy metal resulted
in different toxicities in comparison to cadmium as part of the
mixture. This leads to the conclusion that more complex mixture
scenarios should be investigated in comparison to a “classic”
mixture analysis using fixed ratio designs. Subsequent studies
should include e.g. varying ratios of the mixture components
and pre-pollution scenarios as well as pulsed exposure of
the mixture compounds. Differences in the observed effects
occurred in dependence on the investigated compartment, and
therefore it is strongly recommended to investigate always both
the terrestrial and the aquatic environment. The limnic green
algae Scenedesmus vacuolatus proved to be a sensitive reference
organism for the evaluation of ionic liquid hazards. Therefore
this test organism should always be included in the prospective
hazard assessment strategy for ILs to allow a comparison and a
classification of the measured effects.

Material and methods
Chemicals

All tested ILs were received by the Merck KGaA (Darmstadt,
Germany). Cadmium chloride and CaCl,-2H,O were pur-
chased from the Sigma-Aldrich Cooperation (Germany). The
German standard soil LUFA 2.2 was obtained from the
Landwirtschaftliche Untersuchungs- und Forschungsanstalt
Speyer (Germany). Wheat seeds (7riticum aestivum, Demeter,
Donath-Miihle, D-BY-M-1-6043-B) were bought in a health
food shop to ensure that the seeds were not treated with any
kind of pesticides to exclude additional mixture effects during
the experiments.

Reproduction inhibition assay with limnic green algae
Scenedesmus vacuolatus

For this assay the unicellular limnic green algae Scenedesmus
vacuolatus (strain 211-15, SAG (Culture Collection of Algae,
University of Gottingen, Germany) was used, and toxicity tests
were done using a synchronised culture.*®* The stock culture was
grown under photoautotrophical conditions at 28 °C (£ 0.5 °C)
in an inorganic, sterilized medium (pH 6.4) with saturating white
light (intensity of 22 to 33 klx) (Lumilux Daylight L 36 W-11 and
Lumilux Interna L 36 W-41, Osram, Berlin, Germany). Cells
were aerated with 1.5 vol% CO, and synchronised by using a
14 h light and 10 h darkness cycle. The stock culture was diluted
every day to a cell density of 5 x 10° cells mL™".

This test is a modified version of the assay described in ref.
34 and its sensitivity is comparable to the standardised 72 h test
according to ISO guideline.*

The toxicity tests started with autospores (young algal cells at
the beginning of the growth cycle). Algae were exposed to the
single substances and the mixtures for one growth cycle (24 h).
The endpoint of this assay is inhibition of algal reproduction
measured as inhibition of population growth. All cell numbers
(stock culture and test) were determined with the Coulter
Counter Z2 (Beckmann, Niirnberg, Germany). The tests were
performed in sterilized glass tubes (20 mL Pyrex tubes sealed
with caps containing a gas tight Teflon membrane). Algae were
stirred over the whole test period of 24 h and the test conditions
were the same as for the stock culture except for the CO, source.
Here 150 pl of NaHCO; solution was added to each test tube.
The methods for stock culturing and testing are described in
detail in ref. 13 and 36. Laboratory facilities allowed parallel
testing of up to 60 tubes. All substances were tested at least
twice: first a range finding was undertaken (4 concentrations,
two replicates) and in a second test the results were verified with
8 concentrations per substance in two replicates. The obtained
data (from both tests) were pooled because the test conditions
were consistent which was proven by a comparable growth rate
of the controls (data not shown). The growth inhibition was
calculated using the cell counts of the treated samples in relation
to the untreated controls (pure medium). For each assay at least
6 controls were used.

Growth inhibition assay with Triticum aestivum

We used the standardised growth inhibition assay according to
ISO guideline with wheat (Triticum aestivum).”’
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The measured endpoint is growth inhibition. The test duration
is three weeks from sowing and the assay was conducted in
plastic plant pots each containing 10 seeds. The plants were
cultivated in a German standard soil (Lufa 2.2) characterised
as loamy sand with a pH of 5.6 & 0.2, a clay content of 7.5%
and an organic carbon content of 2.3%. The water content was
fixed at 50% of the water holding capacity (48%) with aqueous
substance solutions respectively deionised water for the controls.
For each test at least six controls with uncontaminated soil were
grown. Within the test each plant pot contained 300 g dry weight
(dw) soil and for all substance or mixture concentrations three
replicates were used. The dose-response curves of the mixtures
contained seven different concentrations. To minimise the waste
amount of contaminated soils a toxic reference (cadmium) was
used to ensure that the obtained data were valid and a constant
quality of the tests was given. The water content was adjusted
every second day by weighing. To exclude pH effects on plant
growth, the pH values of the soil samples were checked at the
beginning and the end of the test. For all tested single substances
and the mixtures, the pH values ranged in the original pH band
of Lufa 2.2. For measuring the pH value 5 g soil and 25 mL
0.01 M CacCl, solution were shaken (150 rpm) for 2 h. After
sedimentation of the soil samples (at least 4 h) the pH values
were measured. The plants were grown in a phytotron chamber
under controlled conditions (temperature 20 °C, 80% humidity)
with a 16 h light and 8 h darkness cycle.

Effect data modelling, predictions of mixture toxicity and
mixture toxicity testing

To obtain the plots for all dose-response curves, the dose—
response curves parameters, the 95% confidence intervals and
prediction bands Sigma Plot Version 10 was used. For the
analysis and prediction of mixture toxicity complete dose—
response curves covering the range from 0 to 100% effect for each
of the single mixture components (the three ILs and cadmium)
are necessary and were obtained before analysing the different
mixture scenarios (data not shown). The data were normalised to
the mean of the untreated controls and expressed as fractionated
effects on a scale from 0 tol to fit the data points using the
non-symmetric two parametric regression Weibull model. The
Weibull model proved to fit the data best® for all single substance
dose-response curves. The prediction of the mixture toxicities
according to the concepts of CA and IA were calculated on the
basis of the fitted concentration response curves of the single
compounds.*

Prediction of the mixture toxicities

The predictions of the mixture toxicities were conducted on
the basis of fitted concentration response curves of the single
mixture compounds. A constant ratio of the mixtures is used
and therefore the concentration of each substance in the mixture
can be expressed as a fraction (p) of the total concentration. For
each effect level of the single substances toxic units (p/ ECx) were
calculated. The sum of the toxic units of all mixture components
at each effect level are corresponding to the effect concentration
by concentration addition (see eqn (3)). Eqn (3) represents the re-
written form of the concept of concentration addition (eqn (1))

=l
n P

ECxyix = [Z ECIx J (3
i=1 i

where ECxy;, 1s the total concentration of the mixture with x%
effect; p; is the fraction of compound i in the mixture.*

The resulting effect concentrations were calculated in steps
of 1% and the concentration—effect pairs were connected with
straight lines to visualise the predicted concentration—response
curve.

The prediction of the mixture toxicity according to indepen-
dent action can directly be calculated from effects. Eqn (2)
was used as a basis to calculate the prediction according to
independent action. The 99 effect concentrations which were
already used for the CA prediction were taken as a basis for
the independent action model and therefore the fraction of
every individual compound (¢;) which was present in the mixture
could be calculated. The concentration—response relationships
F; of the individual compounds were used to calculate the
corresponding individual effects (E(c;)).

E(cMﬁ)=1—1j[l—E(q>]=1—1j[1—F,-(c,)] @

As a consequence the overall effect of any given total
mixture concentration can be calculated when expressing the
concentrations of the individual compounds as fractions p; of
the total concentration ¢y, 2

E(cm>=1—1j[1—a(c,-)]=1—1jl[1—F(p,-cMix)] ®)

The experimentally determined mixture toxicities were com-
pared to the predictions obtained by concentration addition
and independent action. The mixtures were composed with the
following constant molar ratios of:

Mixture I and III: 12.26% IM 14 BF,, 0.007% IM18 BF, and
87.72% IM 14 (CF;S0,),N for Scenedesmus vacuolatus.

Mixture I and III: 82.59% IM14 BF,, 7.97% IM18 BF, and
9.43% IM14 (CF;SO,),N for Triticum aestivum.

Mixture II: 11.97% IM14 BF,, 0.006% IM18 BF,, 85.64%
IM14 (CF;S0,),N and 2.37% cadmium for Scenedesmus vacuo-
latus.

Mixture I1: 58.41% IM 14 BF,, 5.64% IM18 BF,, 6.67% IM 14
(CF;S0,),N and 29.27% cadmium for Triticum aestivum.

For mixture III the environmentally relevant cadmium back-
ground concentrations were chosen according to monitoring
data obtained from the Umweltbundesamt (= Federal Envi-
ronmental Agency) Germany:* for the terrestrial environment
a cadmium background concentration of 44 pmol cadmium
was used and for the aquatic environment a background
concentration of cadmium of 22 umol was analysed.
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Bridging hydroxo complexes of Pt(11) can be used as catalysts for the oxidation of tertiary and
secondary amines under mild conditions using the environmentally benign hydrogen peroxide as
the oxidant. The reaction proceeds with medium to excellent yields particularly in the case of the

more electron rich tertiary amines.

Introduction

Nitrogen containing compounds such as amines are impor-
tant substrates in the field of oxidation processes. Primary
amines, particularly anilines, are converted to nitrosoarenes
for azobenzenes synthesis,* secondary amines are transformed
into nitrones® while tri-substituted amines and pyridines*® yield
the corresponding N-oxides (Scheme 1). The use of the latter
compounds in industrial chemistry spans from surfactants
production to alkene synthesis via Cope elimination.® N-oxides
are emerging compounds with a growing interest in many fields
of chemistry, as witnessed by a rapid increase in publications
in the last ten years.” Their use ranges from stoichiometric
oxidants,® including in asymmetric processes,’ to a more recent
application as Lewis base catalysts.”® They have also been
employed as ligands for transition metals™" applied as catalysts
in epoxidation reactions.”? Similarly, enantiopure chiral N-
oxides are emerging as Lewis base catalysts for asymmetric
transformations.”*!

o-
l.
Ox ~
R1/| Ry ——— > I:‘1/| Rs
R R
P +
F*1/\H/\Rz _ox R1/\';‘ Ro S—XO> R7INTR,
OH z )

Scheme 1 Oxidation of tertiary amines provides N-oxides while
oxidation of secondary amines to nitrones is generally a two step
reaction, with hydroxylamine species as intermediates.

N-Oxides can be prepared by a wide range of methods and
reagents including both organic oxidants like Bromanine-T,'>*¢
dioxiranes'” and HOF-CH;CN," and catalytic methods under
either heterogeneous (employing oxone or hydroperoxides
as oxidants) or homogeneous conditions. In the latter case,
noteworthy examples are the oxidation of pyridines and tertiary

Dipartimento di Chimica, Universita Ca’ Foscari di Venezia, Dorsoduro
2137, 30123, Venezia, Italy. E-mail: strukul@unive.it; Fax: +39 041
2348517, Tel: +39 041 2348931

amines via metal catalyzed reactions with RuCl;* and Re with
percarbonates.!

Among the primary oxidants employed for N-oxides produc-
tion, oxygen* and hydrogen peroxide® are the most interesting
species because of their high atom efficiency,* safe handling
and low cost. Moreover water is the only by-product of their
reduction, and this makes their use very attractive for the
development of “green” oxidation processes. Employment of
O, for N-oxides production has been reported,” while H,0,
has been investigated mainly with heterogeneous catalysts.?®
As far as homogeneous catalytic oxidation is concerned, the
use of H,O, has been largely under-investigated. Examples are
known with organic catalysts like flavin derivatives,” as well
as a few cases where metal catalysts like methyl trioxorhenium
(MTO),* and Mn-porphyrins were employed.”® New methods
and catalysts are therefore required in order to improve the ex-
perimental conditions, productivity and selectivity and to reduce
the amount of oxidant consumed. As to the enantioselective
version of the reaction, a few methods were reported employing
proteins® or enzymes* but none involving chiral metal catalysts.

Nitrones are generally obtained via condensation of carbonyl
compounds with N-monosubstituted hydroxylamines, but the
direct double oxidation of secondary amines would have the
advantage of being a much more straightforward synthetic
pathway, albeit less favorable for secondary amines bearing
different groups due to the formation of two possible isomeric
products. The synthesis of nitrones is formally a two-step process
involving the initial oxidation to secondary hydroxylamines
followed by further oxidation and water elimination to nitrones
(Scheme 1).

Nitrones are emerging intermediates both in the synthesis of
heterocycles® and natural products®?> because of their use as
active 1,3-dipoles in cycloaddition reactions, and as important
spin trap reagents®® for biological systems. Recently, chiral
nitrones have attracted much interest and their synthesis, usually
not performed via asymmetric oxidation steps, has been recently
reviewed.** The development of direct asymmetric oxidation
procedures is still challenging and this target spurs the discovery
of new, active and selective catalytic systems.

While the direct oxidation of hydroxylamines to nitrones has
been reported using hydroperoxides®* or hypochlorite,* recent
studies by the groups of Goti and Murahashi have considered

This journal is © The Royal Society of Chemistry 2008
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the more environmentally friendly H,O,, employing as catalysts
different transition metals like Re*” and W.*

Herein we present the mild and highly efficient catalytic
oxidation of tertiary and secondary amines to the corresponding
N-oxides and nitrones with hydrogen peroxide catalyzed by
Pt(1i1) complexes of general formula ((P-P)PtuOH),** la—c,
Scheme 2) that were successfully exploited in epoxidation,*®
sulfoxidation®* and Baeyer—Villiger*** oxidation reactions with
the same oxidant.

\P/ H N\ /
C o Osp” ) (BF )2
\ /
/P\/ (l-? ;\
Ph
1a-c
Ph. Ph Ph_ Ph Ph_ Ph Ph_ Ph
C-o G C
P P AN P
P’ pn P Ph PH Ph P’ Ph
2a 2b 2¢c

Scheme 2 Pt(11) complexes la—c employed as catalysts for secondary
and tertiary amines oxidation with hydrogen peroxide.

Results and discussion
Tertiary amines oxidation

Triethylamine was used as a model substrate for the oxidation
to the corresponding N-oxide with 35% hydrogen peroxide
employing different Pt(11) species 1a—c. Reaction performed with
K,PtCl, did not show N-oxide production due to extensive
hydrogen peroxide decomposition via dismutation, while, on
the contrary, dimeric diphosphine Pt(11) complexes 1a—c showed
a marked activity under mild experimental conditions and a
strong ligand effect. In particular the larger the bite angle of
the diphosphine ligand, the higher the activity and productivity
(turnover number, TON) of the catalyst, in agreement with
the results already observed for the same class of catalysts in
the Baeyer—Villiger oxidation of ketones.* In the latter case,
increasing the bite angle increases the dissociation of the dimeric
catalysts and, consequently, the catalytic activity. Reaction in
the presence of pyridine N-oxide demonstrates the negligible
effect of the N-oxide species in the organo-catalytic electrophilic
activation of H,O, through hydrogen bonding.

Table 1 reports also the results of experiments performed with
different loading of the most active catalyst 1c. TON’s up to
152 were observed, this being a positive result considering the
mild experimental conditions. Autocatalysis by N-oxide species
is negligible, as observed when the reaction was performed in
the presence of both 0.4% mol of 1¢ and pyridine N-oxide.

The substrate scope of the reaction was then investigated
(Table 2) with the aim of elucidating the role played by the
nucleophilic character of the nitrogen lone pair. Catalyst 1¢ was
generally active towards trialkylamines, in particular sterically
hindered ones (entries 1 and 2) with moderate to good yields.
N-oxide production was even higher for amino alcohols (entry

Table 1 Triethylamine oxidation to the corresponding N-oxide with
H,0, mediated by Pt(11) complexes la—c: catalysts screening. Experi-
mental conditions: [sub] = 2.0 mmol, [H,0,] = 2.0 mmol, methylene
chloride (DCM, 2.0 mL), RT

(|) -

1a-c

~N gk
H,0, 1 eq., DCM, rt ) W

Catalyst

Entry Catalyst loading (%) Time/h Yield (%)* TON

1 — — 24 1 —

2 K,PtCl, 0.4 24 0 —

3 Pyridine N-oxide® 0.4 5 7 17

4 la 0.8 5 9 11

5 1b 0.8 5 25 31

6 1c 1.5 5 > 99 66

7 1c 0.8 5 89 111

8 1c 0.4 5 61 152

9 1c + pyridine N-oxide®* 0.4 5 62 155

“Tsolated yield. * 2 mol%.

6), while aniline derivatives resulted much less reactive due to
their intrinsic lower basicity and nucleophilicity. Similarly, lower
activity was observed with pyridine unless aromatic substitution
changes markedly the electronic properties of the heteroatom
(entries 11 and 12). The presence of aromatic substituents as
in entries 4, 5 also reduces the catalyst activity. It is worth
noting that in the cases of tri-substituted diamines only mono-
oxidation occurred when the reaction was performed with one
equivalent of hydrogen peroxide (entries 7 and 10). Albeit slower,
the catalytic activity of complex lc¢ can be compared to other
efficient homogeneous catalytic systems,” with the additional
advantage of no need of excess of H,0, indicating that the
oxidant does not undergo parallel decomposition pathways,
as already observed with the same catalysts in other oxidation
reactions.®

In order to shed light into the catalytic effect of complexes 1a—
¢, '"Hand *P NMR investigation were performed under catalytic
conditions. Addition of 20 eq. of triethylamine to a CDCl,
solution of 1c left the spectrum of the free complex unchanged.
Further addition of 20 eq. of H,0, caused the immediate
formation of a new species characterized by the presence of
two different *'P resonances at 5.1 ppm with Jpp 2920 Hz and
—3.9 ppm with Jp_p 4210 Hz, respectively. The presence of both
a > 4000 Hz and a ~ 3000 Hz coupling constants supports the
formation of a mononuclear, mono-cationic hydroperoxo-amino
complex***? by dissociation of the dimeric #-OH structure aided
by protonation and water displacement (Scheme 3). At the same
time, a small peak at 30.9 ppm with no coupling constant, related
to diphosphine dioxide, started increasing. Reaction progress
caused the concomitant increase of the latter resonance and
the gradual decrease of the mononuclear complex. A possible
catalytic cycle consistent with the above observations is reported
in Scheme 3. Analogous NMR investigation on complexes 1a
and 1b showed either no or negligible formation of the new
monomeric species, respectively, and formation in both cases of
the diphosphine dioxide. This comparison clearly speaks of the
importance of the dimeric structure dissociation in favoring high
activity. In complex 1¢, a larger bite angle diphosphine ligand
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Table 2 Oxidation of tertiary amines to N-oxides with H,0, catalyzed

by 1c. Experimental conditions: [sub] = 2.0 mmol, [H,0,] = 2.0 mmol,
methylene chloride (DCM, 2.0 mL), RT

Catalyst
Entry Substrate loading (%) Time/h Product Yield (%)*
1 5 5 o’ 80
A AT
2 H\ 5 5 ) 70
0
NN L{\/\
3 [Oj 2.5 5 [Oj 74
N /N\

) 83

6 HO. 1.5 5 HO o~ 94
IN/\/OH I’L(\/OH
OH OH

7 Sy~ LS 5 o 79
\ I \+MT/

8 \rl\j/\/\OH 1.5 5 o 68

\r\‘n/\/\or—i
9 \ 5 5 o 28

10 1.5 3 95
ﬂNJ 4@

N +
o
11 | 1.5 3 \ > 99
NS NS
N~ _O/N Z
12 N 5 5 ?' 17
| N,
(J
“ Isolated yield.

favors dissociation and formation of the hydroperoxo-amino
complex where amine oxidation occurs intramolecularly. The
intramolecular oxidation of the diphosphine ligand and release
of an inactive Pt(11) metal species is a parallel undesired reaction
(not shown).

9 E:

Scheme 3 Mechanistic hypothesis on the basis of the NMR investiga-
tions for tertiary amine oxidation mediated by Pt(11) complex 1c.

Secondary amines oxidation

The interesting results observed with tertiary amines as sub-
strates, prompted us towards the investigation of secondary
amines (Scheme 4 and Table 3).

1c
/\N/\H2 Ry
H H;05 2 eq., DCE, 50°C

PO NN

Ry Ro

oO—= +

Scheme 4 Oxidation of secondary amines to the corresponding ni-
trones with 2 eq. hydrogen peroxide mediated by Pt(i1) complex 1c.

Secondary amines are less electron rich substrates and conse-
quently their oxidation is more difficult, requiring higher tem-
perature (50 °C) and with yields from medium to good. Cyclic
amines like pyrrolidines and piperidines are better substrates,
probably due to lower steric hindrance compared to the acyclic
analogs. Interestingly, the catalytic system seems to be sensitive
to steric requirements: in fact increase in the bulkiness of the
N-alkyl groups causes a marked decrease of activity (entries 5
and 6). Benzyl secondary amines are suitable substrates, with
higher yields for less sterically demanding compounds.

Worth mentioning is the unusual selectivity observed for 2-
methyl-piperidine oxidation, which is opposite to that com-
monly observed in other metal catalyzed oxidation.*® These
results underline the importance of the steric hindrance at the
nitrogen atom in 1c catalyzed oxidation, rather then the relative
stability of the nitrone products.

Here again, it is interesting to underline that good yields were
obtained using stoichiometirc amounts of H,O,, at variance with
what observed in other catalytic systems.**’

Oxidation to nitrones is a two step reaction: (i) oxidation of
secondary amines to hydroxylamines and (ii) oxidation of the
latter to nitrones. Therefore, in order to shed light on which of
the two steps is the most difficult, we investigated the activity
of catalyst 1c¢ in the second step employing hydroxylamines as
substrates (Scheme 5). The results are reported in Table 4.

Nitrone formation from hydroxylamines is generally faster
than the direct oxidation of the corresponding secondary

This journal is © The Royal Society of Chemistry 2008
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Table 3 Oxidation of secondary amines to nitrones with H,O, cat-
alyzed by 1c. Reaction conditions: Catalyst 1¢ 10% mol; [sub] = 2.0 mmol,
[H,0,] = 2.0 mmol, methylene chloride (DCM, 2.0 mL), 50 °C

Entry Substrate Time/h Product Yield (%0)*
1 PN 24 P ﬁ/\ 7
H I

0-

2 )\NJ\ 24 )\\'ﬁj\ 13

N N
H -0
4 20 64
() )
N N
H |
o)
5 O\ 20 (j\ (j\ 73(85:15)
N 7t ""\l/
H | 1
6 4 10
N /(r\;LW
H |

1c

+
| H,0, 1 eq., DCE, 50°C T
0

Scheme 5 Oxidation of secondary hydroxylamines to the correspond-
ing nitrones with H,O, mediated by Pt(11) complex 1c.

amines, in particular in the case of N,N-diethylhydroxylamine
vs. N,N-diethylamine. This behavior is likely indicative of a more
difficult first oxidative step which hampers the further conver-
sion of the intermediate hydroxylamine to the corresponding
nitrone.

Nitrones could also be produced from secondary amines by
oxidation to imines, which usually is performed with molecular
oxygen mediated by Rh catalysts*! or with quinone derivatives
with Ru species,” followed by subsequent oxidation of the
latter intermediate species to nitrones. Such a second oxida-
tive step was recently reported using MTO with urea-H,O,
(UHP) adduct as oxidant.*® Attempts to convert the imines N-
benzylideneaniline and N-benzylidenemethylamine directly to

Table 4 Oxidation of secondary hydroxylamines to nitrones with H,O,
catalyzed by lec. Reaction conditions: Catalyst 1c 10% mol; [sub] =
2.0 mmol, [H,0,] = 2.0 mmol, methylene chloride (DCM, 2.0 mL),
50°C

Entry Substrate Time/h Product Yield (%)
OH 20 (I) B 80
2 O 3 O 61
N 20 \ﬁ 72
: \
OH o-
3 N 3 ~h 17
OO0 s VO Y
6}
“Isolated yield.

the corresponding nitrones with 1¢ and one equivalent of H,O,
at 50 °C provided only substantial hydrolysis of the substrate and
benzaldehyde release with no traces of the nitrone product. In
these cases, the substrate coordinates to the Lewis acid catalyst
and is nucleophilically attacked by water rather than H,O,,
thus leading to hydrolysis of the imine moiety to the primary
amine and aldehyde. On the other hand, during direct secondary
amine oxidation to nitrones with 2 eq. H,0,, no resonances were
observed in the range 10-7.5 ppm where aldehyde and imine CH
signals usually appear. All this evidence, confirm that oxidation
of secondary amines to nitrones mediated by lc proceeds via
formation of the hydroxylamine intermediate species rather than
imines.

3'P NMR investigation of catalyst 1¢ under the experimental
conditions used for nitrone production was performed to
identify possible active Pt(11) intermediate species. Addition of
10 eq. of H,0, to a solution of 1¢ in CDCI; showed no change
in the spectrum. Alternatively, addition of N,N-diethylamine
caused the partial formation of a new species characterized
by the presence of two different *'P resonances at 4.9 ppm
with Jpp 2930 Hz and —3.6 ppm with Jp_ 4206 Hz. Finally,
sequential addition of both 10 eq. of H,0, and diethylamine
caused the complete disappearance of the resonance of the
dimeric 4-OH complex and the formation of a new main
symmetric species A at —2.6 ppm with Jp p, 3972 Hz and partial
formation of diphenylphosphino butane dioxide (dppbO,) at
31.2 ppm indicative of partial catalyst decomposition due to
ligand oxidation and consequent release of metal.

Addition of 10 eq. of diethylhydroxylamine to l¢ caused
the complete disappearance of original resonances and the
formation of a new species B, characterized by different P
resonances at 4.8 ppm with Jp 3898 Hz and 1.5 ppm with
Jr_p 3764 Hz, probably to be ascribed to displacement of one
1-OH group by the hydroxylamino moiety. Further addition
of 20 eq. of H,0, caused only partial (<25%) formation of
species A at —2.6 ppm with Jpp, 3972 Hz, which is the same
observed for diethylamine oxidation, indicative of a symmetric
species with weak coordinating neutral ligands. In this case,
only traces of dppbO, were observed, which is clearly indicative
that hydroxylamine substrates lead to Pt(11) species B that are
more robust against degradation. Species A that is present in
both experiments could be attributed to double coordination of
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nitrone product to the Pt(11) metal center, thus leading to a dead
end for the catalyst. The lack of species B in the oxidation of
diethylamine is probably due to the faster second oxidative step
compared to the first one.

The same *'P NMR investigation performed with N,N-
dibenzylamine and N,N-dibenzylhydroxylamine, showed the
formation of analogous species, and the faster formation of
dppbO, for the former substrate confirms the positive effect
on catalyst stability imparted by hydroxylamino substrate coor-
dination to Pt(1n).

Conclusion

Diphosphine Pt(11) complexes la—c¢ showed good catalytic
performance towards secondary and tertiary amines oxida-
tion with highly environmentally friendly oxidant H,O,. The
latter oxidant is highly atom economic, and in the present
work it was used in stoichiometric quantities without over-
consumption, while, to the best of our knowledge, all the known
homogeneous and heterogeneous catalysts for N-oxides and
nitrones production required an excess of H,0,. The system
is characterized by the following properties: (a) a considerable
catalytic effect for all substrates investigated compared to the
uncatalyzed reactions; (b) short reaction times and good yields
under mild experimental conditions; (¢) for N-oxide production
trialkylamines are preferentially oxidized over dialkyl-anilines
or pyridines; (d) for nitrones production strong steric effects
influence secondary amine oxidation and lead to unusual re-
gioselectivity. The ultimate target in the environmentally friendly
oxidation of nitrogen containing compounds is the development
of asymmetric versions of such reactions, such as the enantios-
elective oxidation of tertiary amines and desymmetrization of
secondary amines. Both issues are currently under investigation
in our laboratory.

Experimental
Reagents and materials

The complexes la—c were prepared following the procedure
reported in the literature,®? hydrogen peroxide (35% Aldrich)
as well as all the tertiary amines, secondary amines and sec-
ondary hydroxyl-amines employed as substrates are commercial
products (Aldrich) and were used without further purification.

General

'"H NMR, and *'P{'H} NMR spectra were recorded at 298 K,
unless otherwise stated, on a Bruker AVANCE 300 spectrometer
operating at 300.15 and 121.50 MHz, respectively. 0 values in
ppm are relative to Si(CH;), and 85% H;PO,. All reactions were
monitored by '"H NMR. The concentration of the commercial
35% H,0, solution was checked iodometrically prior to use.

Oxidation reactions

These were carried out in a 5 mL vial equipped with a screw-
capped silicone septum to allow sampling. Stirring was per-
formed by a Teflon-coated bar driven externally by a magnetic
stirrer (700 rpm). Constant temperature was maintained by
water circulation through an external jacket connected with a

thermostat. Typically, the proper amount of catalyst 1a—c was
placed in the vial, followed by the solvent (2.0 mL), then the
vial was thermostatted. After stirring for 10 min, the substrate
(2.0 mmol) was added and the mixture stirred for 10 min.
To this, 35% hydrogen peroxide was added in one portion
(2.0 mmol for tertiary amines and hydroxylamines, 4.0 mmol
for secondary amines) and time was started. All reactions were
monitored with "H NMR by direct sampling from the reaction
mixtures with a micro syringe. Quenching of the samples by
adding an excess of LiCl was performed prior to NMR analysis.
At the end of the reaction the solution was diluted with
dichloromethane (10.0 mL) and water (10.0 mL). The organic
phase was separated, dried with Na,SO, and concentrated. The
crude product was purified by flash chromatography (hexane—
ethyl acetate 80/20 to 100/0).
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Catalytic dehydration of fructose into 5-hydroxymethylfurfural by microwave heating was studied
in acetone-water mixtures in the presence of a cation exchange resin catalyst. The use of
acetone—water reaction media resulted in yields of S-HMF as high as 73.4% for 94% conversion at
150 °C. It was confirmed that there was no decrease of catalytic activity and selectivity for five
reuses of the resin, which was in accordance with the elemental analysis results that showed that
sulfonic acid groups attached on the resin were stable at the experimental conditions. A
comparison between conventional sand bath heating and microwave heating revealed that the
latter had a remarkable accelerating effect not only on fructose conversion, but also on 5-HMF
yield. Under the conditions (5 ml of 2 wt% fructose solution, 0.1 g of resin, 150 °C and 10 min),
fructose conversion and HMF yields by microwave heating (91.7% and 70.3%, respectively) were
higher than those by sand bath heating (22.1% and 13.9% respectively). Therefore, the process that
we developed in this study showed that high 5-HMF yields from fructose could be achieved under

mild conditions.

1. Introduction

Diminishing fossil fuel reserves and growing concerns about
global warming indicate that renewable sources of energy and
chemicals are needed in the near future. Abundant biomass
resources are a promising alternative for the sustainable supply
of fuel and valuable chemicals.! Among the many possible
biomass-derived chemicals, 5-hydroxymethylfurfural (5-HMF)
is a valuable intermediate for fine chemicals, pharmaceuticals
and furane-based polymers,> and has been called a “sleeping
giant” as an intermediate.* The study of acid-catalyzed de-
hydration of fructose or fructose-precursors into 5-HMF has
received considerable attention,* and its chemistry is shown in
Scheme 1. The detailed mechanism of the reaction was proposed
by Antal et al.”?

This process has been widely studied by the other authors,
where many types of acid catalysts have been used, such as
mineral acids (such as H,SO,, HCI, H;PO,),"*>'3* organic
acids (such as oxalic acid and levulinic acid),* H-form zeolites,'
transition metal ions,'''® solid metal phosphates’®?** and
strong acid cation exchange resins."*!32%2* Homogenous acid
catalyzed processes are effective and can achieve medium 5-
HMEF yields (40-60%) with high fructose conversion (70-90%),*
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1 Electronic supplementary information (ESI) available: Microwave
heating experimental setup (Fig. S1), typical work-up procedure and
a typical heating profile (Fig. S2). See DOI: 10.1039/b801641k
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Scheme 1  Possible reaction products of the acid catalyzed dehydration
and subsequent rehydration of fructose and related compounds.'>**

but it has serious drawbacks in terms of separation and recycling
as well as equipment corrosion. Solid acid catalysts, such as H-
form zeolites and metal phosphates can be recycled and have
high selectivity (60-90%), but only low fructose conversion (30—
60%) even at reaction times as long as 2 h.**?! An ion exchange
resin could be a candidate as a green catalyst for 5S-HMF
formation, however, only limited studies have been performed
since resins are considered to be useful below 100 °C, which can
greatly limit the reaction rate.”®

Solvents used as reaction media can be divided into four
main groups: reactions in water,*!*'7-2:2627 reactions in or-
ganic solvents or organic—water mixtures,*" reactions in
ionic liquids,”™*? and more recently, biphasic water/organic
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systems.n!3142 Aqueous processes are favored in respect to
ecological aspects but are unfortunately, inefficient, because 5-
HMF further rehydrates into levulinic acid and formic acid in
water. Roman—Leshkov er al.** studied acid-catalyzed fructose
dehydration in a two-phase reactor system, in which fructose
was dehydrated in the aqueous phase with dimethylsulfoxide
(DMSO) and poly(1-vinyl-2-pyrrolidinone) (PVP) was added
to suppress undesired side reactions. The 5S-HMF product was
continuously extracted into an organic phase (methylisobutylke-
tone) modified with 2-butanol to enhance partitioning from the
reactive aqueous solution. A maximum 5-HMF selectivity of
85% with 89% fructose conversion was obtained. Although a
high 5-HMF yield could be achieved in this system, the product
had to be separated from high boiling point solvents such as
DMSO from both the reaction phase and extraction phase.
Zhao et al.* studied the catalytic conversion of fructose into
5-HMF in an ionic liquid solvent (1-alkyl-3-methylimidazolium
chloride) with metal halides such as chromium(ir) chloride as
catalysts, in which a yield of 73% of 5S-HMF was achieved at a
temperature of 120 °C for a reaction time of 3 h. Tonic liquids are
advanced solvents in view of controllability of its properties, but
many of these are too expensive to allow their use on a practical
scale.

Within the past decade, green chemistry has attained the
status of a major scientific discipline. Among the 12 principles
of green chemistry, the need for using “safe solvents” and for
“energy efficiency” can be considered as two key principles.*® In
this respect, it has been shown that microwave-assisted organic
syntheses (MAOS) have much higher yield and selectivity for
a given reaction time for many types of reactions.®® A study
comparing the energy efficiency between a conventional oil
bath organic synthesis and a MAOS has indicated that a
significant energy savings (up to 85-fold) can be expected for
most chemical transformations using microwaves as an energy
source on a laboratory scale.®! If those data can be applied to
larger scale microwave applications on a pilot or production
scale, the possibility of performing reactions in a very short
time period by direct interaction of microwave energy with
the reaction mixture could certainly be considered “green” and
highly efficient, because of the reduced energy consumption and
the associated time savings.

Up to now, most studies on MAOS have been applied to or-
ganic synthesis,***** and only a limited number of applications
have been studied in carbohydrate conversion®**! related to non-
food products. Orozco et al.¥” studied dilute acid hydrolysis of
grass and cellulose with phosphoric acid in a microwave reactor
system and showed that high yields (90%) of glucose could be
obtained in short reaction times. Cottier and Descotes described
a microwave process that produced 5S-HMF with 28% yield in
aqueous fructose (or sucrose) mixed with inorganic phosphates
for 3 min reaction time.?

In this work, we report on microwave-assisted catalytic
dehydration of fructose into S-HMF with a strong acid cation
exchange resin as catalyst in a mixed organic-aqueous solvent
system. The resin is stated as being potentially dangerous at high
temperatures with possible reaction products being aromatics,
hydrocarbons, organic sulfonates, and sulfur oxides. We exam-
ined the applicability of the resin at high temperatures ranging
between 100 °C and 180 °C under microwave irradiation.

2. Experimental
2.1 Material

Fructose (purity: 99%) and acetone were purchased from Wako
Pure Chemical Company and used without further purification.
Dowex 50wx8-100 ion-exchange resin was purchased from
Sigma-Aldrich Corporation. Pure water (with a conductivity
of 18 MQ cm™'), which was distilled after deionization, was
obtained by a water distillation apparatus (Yamato Co., Model
WG-220).

2.2 Resin properties

The strong acid cation exchange resin Dowex 50wx8-100 (50-
100 mesh beads, gel, water content: 40-70%) that is insoluble in
water, consists of a sulfonated copolymer of styrene and divinyl
benzene in the hydrogen form. The matrix of the resin was
styrene-DVB, and total exchange capacity was 1.7 meq ml™'
(HY).

2.3 Typical work-up procedure

The microwave reaction apparatus and experimental procedure
are described in the ESI.T Briefly, a solution (5 g) of fructose
and a given amount of the catalyst were loaded into a thick-wall
Pyrex glass tube (volume 10 ml, id: 11.6 mm, od: 18 mm, wall
thickness: 3.2 mm, and maximum supporting pressure 10 MPa).
The glass tube was mounted into a polycarbonate (PC) tube that
was closed with PEEK screw caps. This assembly was placed
into the microwave oven. N, gas was used for purging air inside
the reactor at a pressure of about 1.2 MPa, which would give
calculated gas pressures of 1.73 MPa and 1.86 MPa assuming
ideal gas at the given temperatures of 150 and 180 °C. The
use of N, gas pressure increase the boiling point of the solvent
mixtures and reduces volatilization. According to calculation
with UNIFAC, the solvent mixtures will not boil below 150 °C
under the given pressures, and the amount of acetone volatilizing
into the vapor would cause liquid phase composition changes of
5% maximum. Boiling of the solvent mixtures was not observed
during all of the experiments. When the microwave irradiation
was started, the reaction mixture could be heated up to 150 °C
within 30 s. In the reaction analyses, zero time was taken to
be when the temperature reached 150 °C. After the desired
reaction time passed, the microwave irradiation was turned off
and the reactor was cooled down by loading cooling water. The
reactor was taken down and the reaction solution was collected
by washing the glass tube with an amount of distilled water.

For the sand bath experiments, a SS316 tube bomb reactor
(inner volume: 6 cm®) as reactor was used, in which the
procedures for loading and recovering the samples were similar
to those used in the microwave heating experiments, Previous
work?” and the ESI} provides additional information.

2.4 Analysis

An HPLC (Jasco) with SH 1011 column (Shodex) and refractive
index detector (ERC-7571A) were employed to analyze the
liquid samples. Each sample was diluted with ultra pure water
before analysis to prevent the overloading of the column with
organic solvents.
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Elemental analysis (C, H, S) of the resin before and after being
used was carried out using Elementar Analysensysteme GmbH
VarioEL (Germany).

The fructose conversion (mol%), the product yield (mol%)
and selectivity (mol%) of each carbon compound was evaluated
from carbon base as shown below:

Fructose conversion (mol%):

y=[1- Fructose conceAntra%tlon in product 100%
Fructose concentration in the loaded sample
(€]
Product yield (mol%):
_ Moles of carbon in product %100% ?)
Moles of carbon loaded as fructose
Product selectivity (mol%):
Yield of product %100% 3)

Fructose conversion

The weight ratio of substrate to ion exchange resin was defined
as R:

_ Weight of substrate
Weight of ion exchange resin

“4)

3. Results and discussion
3.1 Products

In this study, the main product of the reaction of fructose was
always 5-HMF regardless of the experimental conditions. The
main by-products were levulinic acid (1 to 20% yield), formic
acid (0.2 to 2% yield), furfural (0.5 to 2% yield) and glucose
(0.2 to 0.6% yield). When the fructose initial concentration was
higher than 10%, there were also some polymer products that
were not characterized.

3.2 Influence of the reaction media composition on fructose
conversion and S-HMF yield

The dehydration of fructose in water in the presence of the
resin was initially studied. For this case, the fructose conversion
reached 82.6% at a reaction time of 60 min, temperature 150 °C
for R =1, but the 5S-HMF yield was only 34%. The low yield can
be attributed to the rehydration of 5-HMF into levulinic acid
and formic acid that occurs in aqueous and acidic solvents.>*
The corresponding levulinic acid yield was 24%. To depress the
formation of levulinic acid, changing the reaction solvent was
considered.

DMSO has been proven to be an effective solvent that can
depress side-reactions in the fructose dehydration because the
furanoid form is preferred in DMSO. The dehydration of
fructose to form 5-HMF is thought to be the most selective if the
carbohydrate molecule is in its furanoid form,“**"* but DMSO
has some disadvantages due to its high boiling point (189 °C).
On the other hand, acetone, has a low boiling point (56 °C,
1 atm) and fructose has been shown to rearrange to the furanoid
form in acetone-water mixtures.® Bicker ef al. examined the
fructose dehydration in a water—acetone mixture at subcritical

and supercritical conditions in which a maximum selectivity of
78% with 90% of fructose conversion was obtained at 180 °C
and 20 MPa with H,SO, in an acetone-water mixture (90 :
10 v/v) for 2 min of reaction time.* More mild conditions would
be preferable. Therefore, solvent composition was changed
with acetone to replace some part of the water to study the
dehydration of fructose in acetone—water mixture using resin as
catalyst under microwave irradiation heating at 150 °C and at
the saturation pressure. The composition of the reaction solvent
was varied from 0 to 85 wt% acetone in water.

Fig. 1 shows the influence of the reaction solvent composition
on the fructose conversion and 5-HMF yield. As the percentage
of acetone in the mixture was increased, the conversion rate and
5-HMF yield increased, and the S-HMF yield reached 73.4%
in 70 wt% acetone mixture for a reaction time of 15 min at
150 °C. The 5-HMF selectivity was as high as 83.7% for 5 min
for the 70 wt% acetone mixture, but it reduced with increasing
reaction time due to the rehydration of 5S-HMF into levulinic
acid and formic acid for 30 wt% water. Theoretically, the S-HMF
is stable in pure acetone reaction media and the rehydration will
not occur, but, because the solubility of fructose in acetone—
water mixture decreases with increasing acetone content, the
solubility of fructose in pure acetoneis aslow as 0.5 g L~'.* When
acetone—water is 90 : 10 (v/v), the fructose solubility increases
to 14 g L' (25 °C).? Therefore, an acetone—water mixture of 70 :
30 (w/w) was employed as reaction media hereafter.

100 [ f/-ﬂ—q' - ' ' ' '
80| ]
=
60 | = 1
al i
(a)

Fructose Conversion (%)

20 + B
0 1 1 1 1 1 1
0 10 20 30 40 50 60
Reaction Time (min)
100 T T T T T T
80 - B

sof% _

40} e

o o

0 1 1 1 1 1 1
0 10 20 30 40 50 60

Reaction Time (min)

5-HMF Yield (%)

—o0—0 wt.% acetone —o— 10 wt.% acetone —2— 30 wt.% acetone
—v— 50 wt.% acetone —0— 70 wt.% acetone —<— 85 wt.% acetone

Fig. 1 Influence of the reaction media composition on the fructose
conversion (a) and 5-HMF yield (b) (2 wt% fructose, 150 °C, R = 1).
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3.3 Influence of reaction temperature on fructose conversion
and 5-HMF yield

Fig. 2 shows the influence of the temperature with respect to the
fructose conversion and 5-HMF yield. Reaction temperature
had a large effect on the fructose conversion and 5-HMF
yield. When reaction temperature was 100 °C, the fructose
conversion was only 14.5% for 60 min reaction time and when
the temperature increased to 120 °C, the fructose conversion
and 5-HMF yield increased to 59.1% and 51.6%, respectively,
for 60 min reaction time. Conversion of fructose and yield of 5-
HMF reached 94.2% and 76%, respectively, for 180 min reaction
time. Levulinic acid yield was always below 5%. The fructose
conversion and 5-HMF yield was 95.1% and 73.4%, respectively,
at 150 °C for 15 min, and the corresponding levulinic acid yield
was 5.7%. At 180 °C, the rate of fructose conversion rate was
much higher, and fructose conversion reached 99.2% for 5 min,
but the 5-HMF yield was only 65.3% due to the further reaction
of 5S-HMF and a higher yield of levulinic acid formed which
reached 11.3% and 17.7% at a reaction time of 5 and 10 min,
respectively. Thus, a reaction temperature of 150 °C was chosen
as the best temperature since fructose conversions and 5-HMF
yields were high and levulinic acid yields were low.
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Fig. 2 Influence of temperature on the (a) fructose conversion and (b)
HMF yield by microwave irradiation (acetone—water 70 : 30 w/w, 2 wt%
fructose, R = 1).

3.4 Reaction kinetics analysis

Kuster® and Bicker e al.® reported that the dehydration of fruc-
tose was first-order on fructose concentration. Kinetic analysis

of the dehydration of fructose in acetone-water (70 : 30 w/w)
was performed by plotting In (1 — X) versus reaction time (¢) to
obtained the rate constants at different temperatures (7). With
those constants, an Arrhenius plot was generated, as shown
in Fig. 3. Activation energy determined was 103.4 kJ mol™".
Bicker et al. reported an activation energy of 99 kJ mol~! for the
fructose dehydration with 3 mmol L' sulfuric acid as catalyst
at a pressure of 20 MPa,’ Antal et al. obtained 100 kJ mol~! for
the dehydration of glucose under sulfuric acid concentration of
5 mmol L~'.2 The value of this work (E, = 103 kJ mol~") was
comparable with previous values reported in the literature.

Ea= 103.4 kJ/mol
R*= 0.9961

In rate constants

-5 |

-6 |
1 ! 1 ! 1 1

0.0022 0.0023 0.0024 0.0025 0.0026 0.0027
1T (K™

Fig. 3 Determination of activation parameters from Arrhenius equa-
tion for the fructose dehydration.

3.5 Effect of the catalyst dosage on the fructose conversion and
5-HMF yield

Table 1 shows the effect of the catalyst dosage with respect
to fructose conversion, 5S-HMF, levulinic acid and formic acid
yield. In the absence of catalyst, at a reaction temperature of
150 °C, no fructose conversion was observed for a reaction time
of 20 min. On the other hand, when catalyst was used with
R-values of 0.5, 1.0 and 2.0, fructose conversion remarkably
increased, whereas the 5S-HMF yield did not change much
for R-values below 1 for a reaction time of 10 min. The
reason of the small effect of R on the 5-HMF yield might
be the decomposition of 5S-HMF being accelerated at high R-
values due to the availability of acidic sites that favour the
rehydration of 5-HMF into levulinic acid, which offsets increases
in the 5-HMF yield. Therefore, an R of 1 was chosen as an
appropriate catalyst concentration in subsequent experiments if
not otherwise indicated.

3.6 Influence of the fructose initial concentration on fructose
conversion and 5-HMF yield

From a practical point of view, if higher concentrations of
fructose can be used as feedstock, the technique can be
economical. Different initial concentrations of fructose were
studied. The fructose concentrations that were studied were
2 wt%, 5 wt%, 10 wt% and 20 wt%. The reaction media was
acetone—water (70 : 30 w/w) and the reaction temperature was
150 °C with the resin concentrations being given in Table 2. It can
be seen that the rate of fructose conversion had little effect for
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Table 1 Influence of the weight ration of fructose to resin (R) on the fructose conversion and primary product yield under microwave irradiation
(2 wt% fructose, acetone-water 70 : 30 w/w, 150 °C)
Product yield (%)
R (W/wW) Reaction time/min Fructose conversion (%) Formic acid Levulinic acid 5-HMF
0.5 3 70.5 1.6 2.7 56.5
5 86.8 1.6 39 66.6
10 97.5 2.8 7.0 72.3
15 99.2 3.5 10.2 70.8
1.0 5 64.5 1.2 2.2 54.0
10 91.7 2.0 4.6 70.3
15 95.1 2.0 5.7 73.4
20 99.0 2.8 7.6 71.5
2.0 5 44.7 1.6 1.6 37.0
10 63.4 1.7 2.2 51.4
15 76.4 1.5 3.0 61.3
20 84.8 1.6 3.7 66.5

Table 2 Different initial concentration fructose dehydration to S-HMF carried out in acetone-water medium (70 : 30 w/w) by Dowex 50wx8

ion-exchange resin “

Fructose concentration R? (w/w) Reaction time/min Conversion (%) 5-HMF yield (%) TON-
2 wt% 1 5 64.5 54.0 36.0
10 91.7 70.3 23.4

15 95.1 73.4 16.3

20 99.0 71.5 11.9

5 wt% 1 3 82.7 60.0 66.7
5 93.6 68.5 45.7

7 95.5 66.9 31.9

10 98.6 66.6 22.2

10 wt% 1 3 91.8 61.1 67.9
5 98.2 61.5 41.0

10 99.6 52.7 17.6

15 99.8 44.7 9.9

20 wt% 2 3 81.9 49.2 109.3
5 89.3 54.3 72.4

10 98.1 51.5 34.4

15 99.3 44.2 19.6

“Reaction conditions: temperature: 150 °C. ® Substrate to catalyst weight ratio. ¢ Turnover number expressed as (mmol of 5-HMF per g of

catalyst x h).

different initial concentration of fructose, but the 5-HMF yield
reduced gradually with increasing initial fructose concentration.

The highest 5S-HMF yield was 73.4% at 2 wt% of initial
fructose concentration, but the value reduced to 54.3% at 20 wt%
initial concentration of fructose. The losses in 5-HMF yield are
thought to be due to the higher fructose concentrations, which
would increase the probability that reactive compounds such
as fructose and 5-HMF would collide with each other, cross-
polymerize and form humins.”® In aqueous systems, including
aqueous mixtures, losses due to humin formation can amount
up to 35% for 1 M fructose solution, and this value reduces
to 20% for 0.25 M fructose solutions.”® These polymers were
not analyzed in this work. In certain non-aqueous systems
or biphasic water/organic systems, few problems occur with
polymerizations at high concentrations. Roman-Leshkov et al.
used a two-phase reactor system (7 : 3 water : PVP + 7:3 MIBK :
2-butanol) and obtained a fructose conversion of 90% with 77%
of 5-HMF selectivity for 50 wt% initial fructose concentration.!
Some other investigations for fructose conversion and 5-HMF
yield with different initial fructose concentrations using different
methods by other authors are listed in Table 3. Comparing these
methods, high 5-HMF yields with high fructose conversions

were obtained under milder conditions, recyclable catalyst and
moderate temperatures with the present method.

3.7 Resin catalyst recycle

Generally, the strong acid sulfonated copolymer resin is thought
to be unusable above 130 °C,* but our experimental results
showed that the resin could work well above 130 °C or even
150 °C. In green engineering, the recycling of catalyst is very
important in practice. Thus, the recycling of the resin was tried
for 5 times to study its change in activity (Fig. 4). From Fig. 4, the
catalytic activity and selectivity of the resin for the dehydration
of fructose into 5-HMF did not show systematic decrease after 5
uses at 150 °C for 10 min reaction time. The fructose conversions
and 5-HMF yields were always about 98% and 72%, respectively.

If the resin had been decomposed from exposure to the
experimental conditions, the sulfonic acid groups attached on
the resin would probably be released and dissolved into solution,
and the sulfur content of the resin would decrease. To examine
the decomposition of the resin after being reused 5 times, the
used resin was collected, rinsed with pure water and acetone, and
dried for 24 h in vacuum drying oven, and in the same manner

This journal is © The Royal Society of Chemistry 2008
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Table 3 Fructose conversion (X) and 5-HMF yield (Y) with different initial fructose concentrations using different methods by the other researchers

Solvent system Catalyst ~ Fructose concentration (wt%) Reaction temperature/°C  Reaction time/min X (%) Y (%) Ref.
H,O H;PO, 0.9 240 2 98.0 65.3 4
H,O0-MIBK Zeolite 1.7 165 60 76.0 69.2 15
H,O NbOPO, 6.0 100 120 61.4 21.6 19
H,O0-DMSO/PVP IER“ 10 90 480 76.0 58.5 1
Tonic Liquid PtCl, 10 80 180 98.0 83.0 11
H,0O-salt/butanol  HCI 30 180 3 74.0 65.9 14
Acetone-water IER 2.0 150 15 95.1 73.4 This work
“Ton exchange resin PK-216.
100 —— 100 ; ;
2 L (a)
3
< e . _— - £ |
- = 64.5
".6’ 60 B -] o g 60 .
é e s g g |
% 40 p 40 |- N
3 I R I— k|
e 3 22.1
é 20 - E ol |
2 | 78
0 n " " "
1 2 3 4 0
Recycle Times Reaction Time (min)
—4— Fructose Conversion [l 5-HMF Yield -—
Fig.4 Catalyst recycle (2 wt% fructose, reaction media: acetone—water '
70 : 30 w/w, reaction time: 10 min; temperature: 150 °C; R = 0.5). (b)
80 | i
that was used for new resin. Then, elemental analysis (C, H, S)
of both of these resins was carried out as shown in Table 4. It can .
be seen that the C and H content in the reused resin increased by = r 54.0 o
about 4.6% and 0.94%, respectively over that of new resin, and 2
S content reduced by about 1.3%. The increasing in C and H is L | i
probably due to adsorption of some reaction products such as T
humins on the resin, and humins did not seem to be able to be ©
washed from the resin after reaction. It seems that the S content 20 - 13.9 7
in the reused resin reduced by about 1.3%, but if we take into 5.7
account that the humins adsorbed on the resin and increased the 0 .
C and H content, the S content decreasing in the resin matrix 5 10

would be lower. Therefore, it can be concluded that the resin was
stable in this system and the nearly constant fructose conversions
and 5-HMF yields verified this conclusion.

3.8 Comparison of D-fructose dehydration by sand bath and
microwave heating

The dehydration of D-fructose (2 wt%) in an acetone—water
mixture (70 : 30, w/w) with the resin as catalyst by convective
heating (sand bath) and microwave irradiation heating was
studied (Fig. 5). As shown in Fig. 5, microwave irradiation

Table 4 Elemental analysis results (C, H, S) of resin before and after
being reused for 5 times

Element C (%) H (%) S (%)
New resin 42.5 5.38 13.7
Used resin 47.2 6.32 12.4

Reaction Time (min)
[1 Sand Bath Heating [ Microwave Heating
Fig. 5 Comparison of (a) fructose conversion and (b) HMF yield by

sand bath and microwave heating (reaction media: acetone-water 70 :
30 w/w, 2 wt% fructose solution, 150 °C, R = 1).

was remarkably more efficient not only for fructose conversion,
but also in achieving high 5-HMF yields. When the reaction
mixture was heated by sand bath, the fructose conversion
and 5-HMF yield was 22.1% and 13.7%, respectively, at a
reaction time of 10 min, while the corresponding value for
microwave heating was 91.7% and 70.3%, respectively. These
kind of difficult-to-rationalize effects have been referred to as
“specific” or “nonthermal” microwave effects.** Generally, this
specific microwave effect has been proposed to be the result
from a direct interaction of the electric field with specific
molecules in the reaction medium. It has been argued that
there is a decrease in activation energy or an increase in the
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pre-exponential factor in the Arrhenius law due to orientation
effect of polar species in an electromagnetic field.**** Some
researchers have proposed that the effective collision among
reactant molecules under microwave irradiation is enhanced
and result in the pre-exponential factor in the Arrhenius law
increases.?* Furthermore, a similar effect should be observed
for reaction mechanisms where reactants contain polar groups,
where the rotation of polar species increases and leads to
molecules going from the ground state to the transition state
under the microwave irradiation, thus enhance the reactivity by
lowering the activation energy.’s Currently microwave effects are
still the subjects of investigation in many fields of research.

4. Conclusions

Microwave-assisted dehydration of fructose into 5S-HMF using
a strong acid cation exchange resin as catalyst in aqueous-
acetone mixtures was investigated. The fructose conversion
rate improved with an increase in acetone concentration in the
acetone—water mixtures, and an increase in the 5-HMF yield was
also obtained due to the suppression of 5S-HMF dehydration.
At 20 wt% initial concentration of fructose, the 5S-HMF yield
was 54.3% with 89.3% fructose conversion due to the soluble
polymer formation. The resin could work well at temperatures
up to 150 °C, and there was no catalytic activity decrease after
5 times reuse. Compared with conventional sand bath heating,
microwave irradiation heating had a remarkable accelerating
effect, not only on the fructose conversion, but also on the
5-HMF yield. In conclusion, fructose can be converted to 5-
HMF in high yields at mild conditions with microwave heating
in acetone-water mixtures in the presence of a strong acid
ion exchange resin. An examination on how to avoid polymer
formation and how to improve 5-HMF yield for high initial
concentrations (>10 wt%) of fructose is being carried out.
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The ionic liquids, [bmim]Br and [bmim][N(CN),] (where [bmim] = 1-butyl-3-methylimidazolium),
stimulated laccase-catalysed oxidation of catechol when provided at concentrations between
10-20% and 50-60% (v/v) in water, respectively. However, activity was inhibited at higher and
lower concentrations. [bmim][BF,] was inhibitory at all concentrations tested, but residual activity

was still retained in [bmim][BF,] with < 20% water.

Laccases have attracted a great deal of attention as potential
biocatalysts for manufacturing pharmaceutical intermediates
and speciality chemicals, and for bioremediation.'® Their
catalytic versatility is a consequence of the unusual reaction
mechanism in which the substrate (or mediator) is oxidised
to a free radical intermediate using dioxygen as the electron
acceptor.* This reactive intermediate can then undergo a wide
range of reactions with other chemicals, and, most importantly,
its mobility overcomes the requirement for close contact between
the enzyme and its substrate. This means that laccases exhibit
excellent catalytic activity even with water-insoluble substrates
(e.g. lignin).* Further improvements in mass transport can be
achieved by operating the reactions in conventional organic
solvents,*® but the range of solvents suitable for use with
enzymes is extremely restricted, and there are serious problems
with safety and environmental acceptability. For these reasons,
we wished to explore the use of ionic liquids as alternative sol-
vents. There are literally millions of ionic liquids,”™* offering new
solvents with an unprecedented variety of chemical and physical
properties. This offers a realistic prospect of tailoring the solvent
to match the requirements of both the enzyme and the bioprocess
with exquisite precision. Furthermore, most ionic liquids have
no detectable vapour pressure at room temperature, which can
provide new approaches to product work-up and separation
(for example''*), and allows operation in non-flameproof areas.
It is also possible to design environmentally benign, non-toxic
ionic liquids,*"* and some can even be produced from renewable
feedstocks.” In addition, ionic liquids are electrically conducting
(unlike conventional solvents),'® and this may be beneficial for
exploitation of laccases in biosensors and biofuel cells."”

There is already some evidence that ionic liquids can
be used with laccases, but the activity in 4-methyl-1-
butylpyridinium tetrafluoroborate ([*mbpy][BF,]) or 1-butyl-3-
methylimidazolium hexafluorophosphate, [bmim][PF,], mixed
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with water was generally much lower than in water.”® Better
activity was obtained only with substrates that are so insoluble
in water that exploiting the residual activity in the ionic
liquid/water mixture provided the only means of obtaining
reasonable reactivity. Therefore, we wished to identify better
ionic liquids for laccase-catalysed biotransformations. To ensure
that the ionic liquids would be generally applicable to laccase
biocatalysis, we studied catechol oxidation, using commercially
available laccases from Agaricus bisporus (LAB) and Trametes
versicolor (LTV). Catechol is oxidised efficiently in water in
any case, and our aim was to identify ionic liquid/water
mixtures that did not inhibit reactivity. In fact, we were fortunate
enough to identify reaction mixtures that actually stimulated the
biotransformation.

Experimental

LAB and LTV were obtained from Sigma-Aldrich (UK). Cat-
echol oxidation was measured in aqueous sodium phosphate—
citrate buffer solutions (25 mM) containing laccase (25 mg 17")
in the presence or absence of ionic liquid, premixed at pH 6.0
for LAB and 4.5 for LTV.*** The pH was checked by diluting
the final reaction mixture in deionised water and measuring the
pH using a pH-meter. The ionic liquids had no effect on pH
during the kinetic measurements (up to 10 min). The rate of 1,2-
quinone formation was measured at 405 nm and 22 °C using an
Agilent spectrophotometer (USA), based on a molar extinction
coefficient of 760 M~' cm™'.?' The ionic liquids did not alter
the initial absorbance of the reaction mixture and did not affect
the extinction coefficient of the product. The kinetic parameters
were determined over a range of substrate concentrations (4.5 to
13 mM) using Eadie Hofstee plots. For routine determinations,
3 replicate data sets were used, since the standard deviations
were small, but when the laccases were very strongly inhibited,
5 replicate datasets were used to improve accuracy. Errors were
calculated as standard deviations. The activity was measured
over a range of ionic liquid concentrations from 0 to 99.4%,
since the laccases were not soluble in the pure ionic liquids,
but could be dissolved when the ionic liquids were mixed with
0.6% of buffer solution containing enzyme. The ionic liquids,
[bmim][N(CN),], [bmim][BF,] and [bmim]Br were synthesised
using the established procedures.?>* Although the melting point
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of pure [bmim]Br is above room temperature,” it is extremely
difficult to exclude water from the preparation. Therefore it is a
viscous liquid at room temperature.?’-?

Results

When laccase from Agaricus bisporus (LAB) was used to oxidise
catechol in [bmim]Br-water mixtures, it was surprising to find
that the maximum reaction velocity (V,*?) was stimulated
by 1.5-fold as the volume fraction of the ionic liquid was
increased from 0 to 20% (0-0.91 M; Fig. 1). In contrast, the
ratio V,*"/Ky*" decreased by 1 order of magnitude, due to a
16-fold increase in the Ky*". This suggested that the affinity
of the enzyme for its substrate had decreased significantly.
When the [bmim]Br concentration was increased further, LAB
activity was inhibited, and the ratio of V,,**/ K" continued to
decrease. The activity was barely detectable when the [bmim]Br
concentration reached 60% (2.74 M). When the [bmim]Br
concentration was above 40%, the K*" values were higher than
the maximum substrate concentration used in the assays due to
the increasing inhibition, and, therefore, should be regarded as
estimates.

200 LAB
4
o 150 ME
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S 5o — -
L g
2 1001 Lo Lv
a g
g c ">E
10
S
o
v 50 - [bmim]Br/ %
1 1 1
20 40 60 80 100
0 T T * & T
0 20 40 60 80 100
[bmim]Br/ % (viv)
Fig. 1 The dependence of the relative catalytic activity (100(V,,*?/

V@) (%)) of LAB (circles) and LTV (triangles) on the volume fraction
of [bmim]Br mixed with water. The maximum velocity, V,“?, of LAB
and LTV in buffer was 5.11 and 15.30 uM s™', respectively. Inset: the
dependence of ratio V,,***/ K,**, of LAB and LTV on % (v/v) [bmim]Br.

A similar activity profile was obtained for laccase from
Trametes versicolor (LTV) in [bmim]Br (Fig. 1). In this case,
the activity in 10% [bmim]Br (0.46 M) was approximately twice
the activity in the aqueous medium, and then the activity
decreased as the [bmim]Br concentration was increased further.
LTV was completely inactive when the [bmim]Br concentration
was higher than 70% (3.20 M). The trend in V,,**/K\** was
similar to LAB, but it should be noted that the K,*® values were
even higher than for LAB above 50% [bmim]Br (> 50 mM) and
must also be regarded as estimates. However, the enzyme was so
strongly inhibited at these high ionic liquid concentrations that
the K" values have very little practical significance.

The catalytic performance of LAB in the [bmim][N(CN),]-
water system exhibited very unusual behaviour (Fig. 2). The
enzyme was inhibited progressively as the concentration of
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Fig. 2 The dependence of the relative catalytic activity (100(V,*?/
V) (%)) of LAB (circles) and LTV (triangles) on the volume fraction
of [bmim][N(CN),] mixed with water. The V,(aq) of LAB and LTV in
buffer was 5.11 and 15.30 uM s~', respectively. Inset: the dependence of
ratio V,,**/K** of LAB and LTV on % (v/v) [bmim][N(CN),].

[bmim][N(CN),] was increased to 30% (1.55 M), but the
activity increased thereafter, reaching a maximum ¥, at 50%
[bmim][N(CN),] (2.59 M). This was 1.25-fold higher than in
buffer alone. The activity then decreased as the [bmim][N(CN),]
concentration was increased further, and LAB was completely
inactive when the [bmim][N(CN),] concentration was above 80%
(4.14 M). At the same time, the ratio V,**/K\*" decreased
rapidly up to 10% ionicliquid and then decreased more gradually
up to 60% [bmim][N(CN),]. Thus, the estimated Ky**® with
50% [bmim][N(CN),] was approximately 29 + 6 mM compared
with 0.88 £ 0.02 mM in the aqueous control. Therefore, the
ionic liquid decreased the affinity for the substrate even though
activity was stimulated.

LTV was more sensitive to [bmim][N(CN),] inhibition than
LAB (Fig. 2). Thus, the catalytic activity of LTV was inhibited
severely over the concentration range 10-40% [bmim][N(CN),].
However, the activity increased as the concentration was in-
creased further, reaching 70% of the original aqueous activity at
60% [bmim][N(CN),] (3.10 M). The activity decreased again
as the [bmim][N(CN),] concentration was increased further,
and LTV was completely inactive when the [bmim][N(CN),]
concentration was above 80%. The dependence of the ratio
Va'®/Ky* on [bmim][N(CN),] concentration for LTV fol-
lowed a similar trend to LAB, although the values were lower.
However, the estimated Ky** with 60% [bmim][N(CN),] was
approximately 160 £+ 20 mM compared with 0.91 &+ 0.03 mM in
the aqueous control. Although the accuracy of the K\** value is
questionable since it is so high, it is evident that the ionic liquid
decreased the affinity for the substrate very dramatically. This
is surprising, because the reaction rate had increased again at
60% [bmim][N(CN),] compared with the activities at lower ionic
liquid concentrations.

LAB activity was retained in [bmim][BF,] when the ionic
liquid concentration was < 30% (v/v), with slight stimulation at
10% [bmim][BF,] (0.54 M; Fig. 3). The activity then decreased
in two “steps” as the [bmim][BF,] concentration was increased
further. It should be noted that LAB retained 0.5% of the activity
even at 90% [bmim][BF,] (4.82 M), unlike the other ionic liquids.
The trend in V,,**/ K\** did not match the trends in V,,*", since
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Fig. 3 The dependence of the relative catalytic activity (100(V,*/
Vu®) (%)) of LAB (circles) and LTV (triangles) on the volume fraction
of [bmim][BF,] mixed with water. Catalytic activity of LAB and LTV in

buffer was 5.11 and 15.30 uM s~', respectively. Inset: the dependence of
ratio V,**/Ky**® of LAB and LTV on % (v/v) [bmim][BF,].

the V', / K** decreased continuously up to 50% [bmim][BF,].
Thus, activity was retained at low ionic liquid concentrations
despite an increase in the K.

LTV was much more sensitive to [bmim][BF,] inhibition than
LAB, and lost ca. 85% activity even in 10% [bmim][BF,] (Fig. 3).
Nevertheless, LTV retained 0.25% of the activity even in 99.4%
[bmim][BF,] (5.32 M). The trend in V,**/Ky*" matched the
trend in V' ,*?, unlike LAB. It should be noted that these enzyme
assays were completed in <10 min, making it unlikely that there
was significant hydrolysis of the BF,~ anion to form HF.**
Nevertheless, F~ is a potent inhibitor of laccases,! and we cannot
exclude the possibility that sufficient F~ was formed to account
for some of the inhibition observed.

Discussion

In this study, we have demonstrated that catalytic activity of
laccases can be stimulated in mixtures of water with ionic
liquids based on the [bmim]* cation. The optimum ionic liquid
concentration depends very strongly on the anion, and there are
significant differences between the behaviour of LAB and LTV.

The behaviour of laccases in ionic liquids is analogous to
solvent activation of certain enzymes in conventional, polar
solvents mixed with water. Most enzymes lose their catalytic
activity in the presence of polar organic solvents,**? but tyrosi-
nase and chymotrypsin are stimulated by low concentrations of
ethanol.**% At higher concentrations, the enzymes are inhibited
progressively. The resulting bell-shaped curves of activity versus
solvent concentration are remarkably similar to the trends of
laccase activity in ionic liquids.

A number of mechanisms have been proposed to account
for activation of tyrosinase and chymotrypsin by ethanol,
including interactions of the solvent with water, the enzyme, the
substrate and impurities in the enzyme preparation.®=*¢ Similar
mechanisms could apply equally well to laccases in solutions of

ionic liquids, with the notable exception that ionic liquids are
salts rather than neutral molecules.

Water-miscible ionic liquids dissolve fully in water. This means
that the component anion and cation are present as the free
ions in water, just like any other salt solution. In general,
ions interact strongly with water, according to the nature of
the ion and its concentration. The behaviour of proteins in
salt solutions can be predicted with some degree of accuracy
according to the position of the ions in the Hofmeister series,
which describes the strength of the interactions of ions with
water.”* Kosmotropic ions interact strongly with water, and,
therefore, tend to produce ordered water structures at low
concentrations,?®341:4345 glthough the nature of the interactions
between the ions, water, and proteins is far more complex than
originally suspected.*® The combination of water structuring and
direct interactions between the ions and the protein tends to
stabilise the protein structure. In contrast, chaotropic ions are
less hydrophilic, and interact less strongly with water than water
does itself. Chaotropes tend to denature enzymes. The balance
of kosmotropicity and chaotropicity between all the anions and
cations in a system determines the fate of the protein.**"* These
concepts have been applied very successfully to explain salt
activation of lyophilised enzymes in organic solvents.***” There
is now considerable interest in applying the same concepts to
explain the behaviour of enzymes in dilute solutions of ionic
liquids. There have been some successes, but there are also some
anomalies.**** Qur study also represents an anomaly, because
laccase activity does not seem to correlate with the Hofmeister
series.

In fact, there is very little correlation between kosmotropi-
city* and the laccase activation/inhibition phenomena observed
in this study. Only [bmim]Br seems to behave as expected.
Thus, [bmim]Br activates the laccases at 10-20% (0.46-0.91 M).
This is a relatively dilute solution and is within the range
where the enzyme may be stabilised by a combination of water
structuring and direct interaction between the ionic liquid with
the enzyme.’®* The inactivation when the concentration is
increased would also be expected, given the relatively weak
kosmotropicity of the ionic liquid.* Possible mechanisms for
inactivation include unfavourable Hofmeister interactions be-
tween the ions and the enzyme,®#** formation of unnatural
H-bonds between the enzyme and the ions,* or interaction
of the butyl substituent of the cation with non-polar amino
acid side chains.>®* However, it should also be noted that Br-
is a specific inhibitor of laccases,® and this may provide an
alternative explanation for the inhibition.

Unlike [bmim]Br, the effects of [bmim][N(CN),] on the
enzyme are extremely difficult to explain. Both laccases were
inhibited by low concentrations of [bmim][N(CN),], but were
activated at intermediate concentrations (50-60%), and then
completely inhibited at higher concentrations of this ionic
liquid. None of these phenomena can be explained simply by
Hofmeister interactions. Thus, the dilute solutions inhibited
the enzyme rather than stabilising it. It was only at relatively
high concentrations that the enzyme was activated (2.95 M
and 3.10 M for LAB and LTV, respectively). This suggests that
activation of laccases by [bmim][N(CN),] is the result of specific
interactions between the ionic liquid and the enzyme that are, as
yet, uncharacterised.
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The effects of [bmim][BF,] are even harder to explain. Here,
the ionic liquid stimulated LAB activity at low concentrations, as
expected for a kosmotropic system. However, this is at odds with
the behaviour of [bmim][N(CN),], which is more kosmotropic
than [bmim][BF,]. Furthermore, [bmim][BF,] inhibited LTV
even at very low concentrations. The latter observation, in
particular, demonstrates that there must be enzyme-specific
interactions between the laccases and the ions, and these seem
to overwhelm the underlying Hofmeister effects.

We would like to note that residual LTV activity was retained
in very high concentrations of [bmim][BF,] (99.4%), unlike the
more polar [bmim][N(CN),] and [bim]Br. Here, the condition
is much more similar to a conventional solvent system, with
water (0.33 M, assuming anhydrous ionic liquid) dissolved in
the ionic liquid (5.32 M) rather than vice versa. This suggests
that [bmim][BF,] was sufficiently non-polar to maintain the
enzyme structure without stripping away the tightly bound shell
of essential water.®® On the other hand, LAB only retained
activity up to 90% [bmim][BF,]. This system contains 4.82 M
[bmim][BF,] and 5.56 M water. This suggests either that the
water shell was more easily removed from this enzyme, or that
other factors were more important in the inactivation process.
Indeed, water stripping seems unlikely to be involved in the
inactivation of laccases in [bmim]Br and [bmim][N(CN),], which
occurred between 60-80% ionic liquid in water. Here, the water
concentration was very high (between 11 and 22 M) and the
enzyme should be fully hydrated.

Overall, laccase activation and inhibition in ionic liquids
must be the result of numerous, complex interactions between
the enzyme, the ionic liquid, water, substrate, product, and
buffer system. Attempts to find simple correlations between
the physical properties of the ionic liquid solutions and the
behaviour of laccases seem to be unsuccessful, even though
there has been some success with other enzymes.***4%53 This
suggests that the behaviour of enzymes in ionic liquids needs
to be approached on a case by case basis. In the case of
laccases, detailed structural and mechanistic studies are needed
to understand the behaviour of the enzymes in ionic liquids.
Such studies are currently in progress in our laboratory.

Conclusions

Whatever the physical and chemical mechanisms underlying
stimulation of laccase activity, there are clear practical benefits
for industrial biocatalysis. The ability to stimulate laccase
activity in ionic liquid/water mixtures could be extremely useful
in biotransformations involving poorly water soluble substrates.
We have demonstrated that the peak of activity can be “tuned”
to specific ionic liquid/water concentrations by manipulating
the ionic liquid structure. In cases when the substrate can
be dissolved efficiently in water/solvent mixtures, this would
offer a practical route to maximise enzyme activity whilst also
minimising solvent usage.
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