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DOI: 10.1039/x0xx00000x To produce basic chemicals from lignin, depolymerization and removal of oxygen from lignin through C-O cleavage and

hydrodeoxygenation (HDO) are crucial steps. In this study, a novel catalyst system, pseudo-homogeneous catalyst system,
www.rsc.org/ consisting of uniformly stabilized noble metal nanoparticles (NPs) in ionic liquids is developed for the selective reductive
cleavage of C-O and HDO. Phenol and guaiacol as lignin monomer model compounds are investigated to get an insight into
the possible HDO pathway, meanwhile, dimeric model compounds, such as diphenyl ether, benzyl phenyl ether, are
studied for the cleave C-O bonds between aromatic units. Four types of NPs including Pd, Pt, Rh, Ru were in-suit
synthesized and well-distributed in ILs without aggregation. These catalytic systems displayed almost 100% conversion for
various monomer and dimer lignin model compounds at 130 °C and were recycled several times without lossing activity.
The catalytic selectivity of metals for HDO/C-O cleavage normally decreases with the order of Pt > Rh ~ Ru >> Pd that is
similar with the order of NPs size Pd >> Pt > Rh ~ Ru. With mean diameter of 5.6 nm, Pt NPs in [Bmim]PFg is identified as
the best catalytic system for the transformation of lignin monomers and dimers model compounds with almost 100 %
conversion and maximum 97 % selectivity.

hydrodeoxygenation (HDO), leads to less mixed products.'
Introduction One of the potential product by lignin reductive
depolymerisation and complete HDO is cyclohexane, which is
the building block of adipic acid, caprolactam,'' and the
precursor of nylon as the necessary chemicals in our daily life.
Another potential product, bicyclohexyl, is used frequently as a
penetrant and high boiling solvent.'
There are still two challenges in the two-step lignin conversion
strategy: (1) developing an efficiency catalyst that
depolymerises lignin through cleavage of linkages to produce
small basic chemicals; (2) finding a suitable medium that
dissolves lignin and facilitates the interaction between the
dispersed lignin and catalyst.® Due to the over-functionalized
structure,” depolymerisation of lignin into small molecules is a
tough synthetic problem for a long time.'”* Among all the
linkages of lignin, C-O-C bonds (account for two-thirds to
three-quarters of all the linkages) and C-C bonds should be
cleaved through depolymerisation.'* Although C-O-C bonds are
relative readily to be cleaved than C-C bonds, the aryl C-O

Since currently over 95% of organic chemicals are derived
from petroleum,’ the depletion of petroleum may gradually lead
to energy and chemicals crises. Thus, to find new alternatives
for petroleum has become one of the most urgent tasks. Lignin,
as the second most abundant biomass polymer on the earth and
the only large-volume renewable aromatics feedstock as well,
accounts for 10 to 30 %% by dry weight of biomass while up
to 40 %" 3 by energy and is considered as one of the most
promising bulk feedstocks to produce platform chemicals.
Nonetheless, most of them from the pulp and paper industry are
underutilized feedstocks, which are just limited to low value
fuels.® 7 Furthermore, more and more lignin will be generated
as the bio-refineries which is based on lignocellulosic biomass
emerging in a large scale.® ° Efficient conversion of lignin not
only makes contribution to the petroleum crisis and economic
viability, but also relieves the solid waste disposal problem.
Compared with lignin conversion by a single step, a two-step
conversion strategy, which consists of depolymerisation and
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Table 1 Types and Frequencies of Inter-Subunit Linkages in Softwood and Hardwood
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bonds cleavage is still a significant barrier because of the
relative high bond dissociation energy with the highest 346
kJ/mol as shown in Table 1.2"+** Typically, the hydrogenolysis
of aryl C-O bonds is operated at high temperature (>250 °C)
and high H, pressure (>3 MPa) over heterogeneous catalysts.w’
2 After depolymerisation, upgrading of monomers and dimers
through hydrogenation or HDO at mild conditions to remove
the additional groups (e.g. hydroxyl, methoxyl) is another
remaining challenge.® The conventional (sulfide based)
heterogeneous catalysts tend to be deactivated rapidly and are
harmful to the environment by employing sulfur.”® The recently
emerged bifunctional catalysts, coupled hydrogenation site with
dehydration site, showed good performance in HDO at high
temperature (>200 °C) and high H, partial pressure (3 -20 MPa)
in aqueous phase.’® However water would inhibit the
deoxygenation when the oxygen is removed as the form of
H,0. Furthermore, water is an anti-solvent of lignin which
impedes the dissolution.” %

With the improvement based on the bifunctional catalysts, ionic
liquids (ILs) as the substitution of water are not only
environmentally benign but also serve as good catalysts for
hydrolysis of C-O bonds of lignocellulose.?*! Meanwhile, ILs
are regarded as green solvents and are more effective in lignin
dissolution than other solvents even at room temperature.® 32
Nevertheless, to date, examples of lignin-based chemical
production in ILs remain scarce.***® On the other hand, the
noble metals are known to all as highly active catalysts in both

39:40 and C-O activation.'**! Owing to structural

hydrogenation
directionality (IL effect), self-organization and electrostatic
stabilization effect, nanoparticles (NPs) are stable with high
activity in ILs.**** The perfect combination of ILs and NPs was
originally applied in olefins hydrogenation as pseudo-
homogeneous catalyst,** and then it was widely used in
hydrogenation, oxidation and C-C coupling.*>*

Herein we describe a pseudo-homogeneous catalytic system
(NPs/IL-H3PO,) for the HDO and C-O bonds cleavage, and this
catalytic system combines the virtues of homo- and
heterogeneous catalysts, namely this catalyst is able to access
the reactive sites in lignin and to be recycled easily after the
reaction as well. The NPs were synthesized by reducing the
metal salt in-situ in ILs, followed by directly used in the
HDO/C-O bond cleavages reactions. These reactions were
mimicked by lignin dimers model compounds: 2-phenylethyl
phenyl ether ($-O-4), benzyl phenyl ether (0-O-4), etc. Since
less research has been done in lignin conversion after
depolymerisation®, these studies about the conversion of
phenol and guaiacol as the lignin monomers model compounds
are also significant. It was marvellous that most of the lignin
model compounds were completely converted at the mild
reaction temperature 130 °C, while the traditional
heterogeneous catalysts only showed little activity. To find out
the impact of anions and the length of the alkyl chain of cations
of ILs on the activity and selectivity of reactions, a series of ILs
have been tested. Lastly, noble metal catalysts, Pd, Pt, Rh and
Ru, were screened for HDO/C-O bond cleavages and the most
active one was evaluated in the recycling test.

2| J. Name., 2015, 00, 1-3
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Experimental
2.1 Materials

The ILs used in this study, including 1-allyl-3-methyl-
imidazolium  N-bis-  (trifluoromethanesulfonyl)  imidates
([Amim]NTf;), 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate ([Bmim]PFs), and 1-n-butyl-3-methylimidazolium
tetrafluoroborates ([Bmim]BF,) etc, were dried under vacuum
at 80 °C for 24 h before used. The purity of IL was proved by
the '"H-NMR (Figure S1-S6). Other chemicals, including phenol
(CP), guaiacol (CP), diphenyl ether (CP), 2-phenylethyl phenyl
ether, (>98.0 wt%), benzyl phenyl ether (>97.0 wt%), and
benzofuran (>99.0 wt%) were obtained from J&K or Sigma-
Aldrich and used without further purication. The dealkalized
lignin (65.85% C, 7.01% H, 2.43% N, 24.03% O and 0.62% S
by difference) was purchased from J&K. Chloroplatinic acid
hexahydrate (H,PtClg6H,0), ruthenium chloride hydrate
(RuCl33H,0), palladium chloride (PdCl,), rhodium chloride
hydrate (RhCl;3H,0) were purchased from J&K with 99.9%
purity. H, was received from Beijing Beiwen Gas Factory, and
the purity was 99.999%.

2.2 Experimental

2.2.1 Organosolv Lignin Synthesis

The real wood sawdust was screen by 120 mesh sieve, and then
it was extracted by ethanol-water (1:1) for 3 h at 180 °C. After
filtration, water was added into the filtrate to precipitate
organosolv lignin. After filtration again, the solid was dried in
vacuo for overnight. The composition organosolv lignin was
characterized by Elemental analysis (65.68 % C, 6.48 % H,
3.94 % N, 23.09 % O and 0.76% S by differeence) and FTIR
(Figure S7), and the molecular weight distribution of the
obtained organosolv lignin was determined by gel permeation
chromatography (GPC) (Figure S8).

2.2.2 Nanoparticles Formation and Reactions

In a typical experiment, the solution of chlorate salts of noble
metal (0.01 mmol) with ionic liquid (2 g) and methanol (1 g)
was stirred at room temperature for 15 min. The volatiles were
then removed under reduced pressure (0.1 bar) at 75°C for 2 h
in a rotary evaporator. The lignin model compounds (1 mmol)
or Organosolv lignin (0.1 g), also called substrates, and H;PO,
(0.15 g) were added into a autoclave with a teflon cell. The
autoclave was sealed and purged with hydrogen for three times
before pressurized with 5 MPa H, at room temperature. Then
the autoclave was placed in a heating block maintained at
130 °C for 10 h with a stirring of 800 rpm. The products were
analyzed by gas chromatography-mass spectrometer (GC-MS).
GC-MS analyses were performed in an Agilent 6890N/5975B
GC-MS equipped with a HP-SMS capillary column (25 m x
0.25 mm, using He as carrier gas). Samples were tested with
split ratio of 30:1 and an injection volume of 0.4 pL. The GC
oven was programmed to begin with 40 °C for 3 min, and then
raised with the rate of 10 °C/min until the temperature reached
270 °C and held at the final temperature for 2 minutes giving a
total run time of just over 28 min.

This journal is © The Royal Society of Chemistry 20xx
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2.2.3 Sample Preparation and NPs Characterization

The NPs were isolated by centrifugation (5000 rpm) for 15
minutes, and then washed with dichloromethane (3 x 5 mL) and
ethanol (3 x 5 mL). The final solution was ultra-sonicated for 1
h. The ethanol suspension of nanoparticles was deposited on a
copper grid coated by carbon film and then used in transmission
electron microscopy (TEM) test. The morphology and size of
isolated NPs were observed by TEM (JEM 2100-F (UHR))
operated at 200 keV, and scanning electron microscope (SEM)
(SU8020) examination which was operated at 15 keV.

Before the X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) tests, the isolated NPs was dried under
reduced pressure for 8 h. XPS data were recorded on a
ESCALAB 250Xi operated at Pass Energy 20.0 eV for signal
element and 100.0 eV for whole survey, while the XRD
instrument was collecting data by Smartlab (9) on a 2D image
plate were integrated between 20° and 90° 26 with a step size of
0.05° and time of 1 s per step.

Results and discussion

3.1 Characterization of NPs

3.1.1 Active Component of NPs

From the XPS results, all the NPs have two valence states,
reduced state and small amount of oxidized state as shown in
Figure 1. The present of O suggests that NPs surface is
susceptible to oxidation in air, and the oxidized surface may
also enhance the stability of NPs.** Undoubtedly, the active
phase of NPs is the reduced state metal. The presence of F

ARTICLE

indicated in the Figure S9-S12 is one of evidences for the
relatively strong interaction between ILs and the surface of
metal NPs even after isolation.*® The scanning electron
microscopy with energy dispersive X-ray (SEM-EDX) (Figure
S13-S15) data is consistent with XPS patterns showing the
existence of O and F as well.
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Figure 1 XPS of the prepared NPs with [Bmim]PFg showing the 3d region with the fitting
results, (a) Pd NPs, (b) Pt NPs, (c) Rh NPs, (d) Ru NPs (The C 1s signal was a contribution
from the carbon tape which was unavoidable during the test)
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Figure 2 TEM Micrographs and histograms showing the size distribution of NPs prepared in [Bmim]PF before reaction, (a) Pd NPs, (b) Pt NPs, (c) Rh NPs, (d) Ru NPs

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 TEM Micrographs and histograms showing the size distribution of NPs prepared in [Bmim]PFg after reaction, (a) Pd NPs, (b) Pt NPs, (c) Rh NPs, (d) Ru NPs

3.1.2 Mean Diameter of NPs

The size of NPs has strong influence over the activity and
selectivity of catalysts.’**> The mean sizes of NPs in this study
were determined by TEM in randomly selected areas and based
on at least 150 particles. Since these NPs are isolated and
exposed to the air, the oxidized layer may enlarge the particle
size. Nonetheless, the mean diameters of these isolated particles
have been determined by TEM and usually were quite close to
those obtained from the nanoparticles dispersed in the ILs as
others reported.*® Representative TEM micrographs with their
corresponding histograms of the obtained four types NPs before
and after reaction are presented in Figure 3, while the mean
diameter of each NPs is listed in Table 2. The mean diameter
decreases with the order of Pd >> Pt > Rh > Ru. The solubility
of the metal precursor influences the size of the metal NPs.*
The precursor of the Pd, PdCl,, is difficult to be dissolved in
ILs and the formed Pd NPs have the largest size. To obtain a
better understanding of the recycle ability of NPs, the spent
catalysts were characterized using TEM as well. Before the
reactions, the NPs are uniformly dispersion with less
aggregation, while these trend to aggregate. The differences in
the mean diameters of NPs between before and after reactions
are usually less than 1 nm, which indicates the high possibility
of recycling and reusing.

3.1.3 Crystal Form Selected Area Electron Diffraction (SAED) and
XRD

The crystal form of each metal is determined by selected area
electron diffraction (SAED) in Figure 4. The electron
diffraction rings demonstrated that the crystal forms of Pd and
Pt NPs are polycrystals with preferred crystal orientations,
while Ru and Rh NPs are polycrystals without preferred crystal
orientations.

The XRD data in Figure 5 confirmed the crystalline types of
NPs. Pd, Pt and Rh NPs are face-centered cubic (fcc), while Ru

NPs are hexagonal structure. Although the estimated mean
sizes of these NPs from XRD in Table S3 are larger than TEM

4 | J. Name., 2015, 00, 1-3

Figure 4 Theoretical (right) and experimental (left) electron diffraction rings, (a) Pd NPs,
(b) Pt NPs, (c) Rh NPs, (d) Ru NPs

Table 2 Mean diameter of noble metal NPs

Mean Diameter/nm Pd Pt Rh Ru
Before Reaction 341 5.6 3.4 24
After Reaction 35.5 6.7 3.8 2.8

results, the order of diameters is the same, Pd > Pt >Ru > Rh.
The difference could due to the limitation of Scherrer equation
in small size NPs less than 5 nm. Another reason is the small
amount of test samples that leads to the random error.

3.2 Conversion of Lignin and Model Compounds

The cleavages of C-O bonds and HDO performance of pseudo-
homogeneous catalytic systems are investigated through lignin
monomers and dimers model compounds listed in Scheme 1.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 X-ray diffraction pattern of the isolated NPs dispersed in [Bmim]PFg, (a) Pd NPs,
(b) Pt NPs, (c) Rh NPs, (d) Ru NPs. Experimental data (black), refined fitting line (blue
line) and difference between the experimental values and the fitting model (red line)
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Scheme 1 Lignin monomers and dimers model compounds (a) phenol; (b) guaiacol; (c)
diphenyl ether (4-0-5); (d) Benzyl phenyl ether (a-O-4); (e) 2-phenylethyl phenyl ether
(B-0-4); (f) Benzofuran (B-5)
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Figure 6 Yield of products from HDO of phenol over Pd, Pt, Ru, Rh NPs prepared in
[Bmim]PFs and the result in Reference®™ (Left); Yield of different ILs over Pt (Right) (T:
130 °C, P: 5 MPa, 10 h; H3P0, 0.1 g, [Bmim]PFs 2g, Substrates/Pt=100)

A) Phenol

Figure 6 shows the yield and the corresponding product
distribution from phenol under 5 MPa at 130 °C for 10 h. The
main products of phenol are cyclohexane with small amount of
bicyclohexyl as a side produce. The yield of cyclohexane with
Pt NPs is the best among all the catalysts as shown in Figure 6
(Left). The catalytic activity of metal site for phenol
hydrodeoxygenation to cyclohexane decreases with the order of
Pt > Rh ~ Ru >> Pd. The effect of the length of the alkyl chain
in cation is not very obvious in Figure 6 (Right), only the yield

This journal is © The Royal Society of Chemistry 20xx
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of cyclohexane slightly declines when the length of the alkyl
chain increased to six. However, the anions of ILs have great
impact on the reaction, as phenol almost cannot be converted in
[Bmim]BF,.

Ning Yan and co-workers reported the HDO of phenols in the
> The conversion and

selectivity of phenol to cyclohexane were excellent but not

Bronsted acidic ILs/NPs system.

good at the same time, the best selectivity to cyclohexane (98%)
could only be obtained with a moderate conversion (48%). The
results of our catalysts have little improvement with almost full
conversion and 98% selectivity. It should be noted that the by-
produce, bicyclohexane, was also found in our study as
mentioned in few studies.>

The possible reaction pathways of phenol are depicted in
Scheme 2, route 1 is the reaction pathway from phenol to main
product cyclohexene while the route 2 and 3 are the possible
reaction mechanisms of intermediate products, cyclohexyl
phenol and cyclohexyl cyclohexanone. It is well known that
658 50 almost all the
hydrogenation steps are catalysed by noble metals. Moreover,

noble metals (e.g. Pd, Pt) can activate H,,

the deoxygenation steps are promoted by acid sites. Through
the Route 1, the main product, cyclohexane, is generated by full
HDO. The phenol is converted to cyclohexanone first, and
further hydrogenated to cyclohexanol, and then the subsequent
deoxygenation yields cyclohexene. Finally, cyclohexene reacts
with hydrogen to produce cyclohexane. The phenol is more apt
to be dissolved in ILs, while cyclohexane tends to be separated
from the ILs. This bi-phase phenomenal would facilitate the
reactions.

A very interesting side produce, bicyclohexyl, was found in our
experiments and has not been reported in ILs in previous papers.
The mechanism of bicyclohexyl formation over heterogenecous
catalysts has been studied in aqueous and solvent-free system.™
However, as far as we know, the mechanism study of this side
reaction is still lacking with IL as the solvent. The possible
reaction pathway of side produce bicyclohexyl is depicted in
the Scheme 2, route 2 and 3. Through the electrophilic aromatic
substitution of phenol (Route 2), cyclohexyl cation may
recombine with phenol and then leads to the formation of
cyclohexyl phenol.***' Cyclohexanol combines with proton,
then reacts with the ortho-C of phenol to produce cyclohexyl
phenol. Then the cyclohexyl phenol is converted to
bicyclohexyl by HDO which is similar to the conversion
pathway of phenol. And 2-cyclohexyl cyclohexanone may be
possible produced via aldol condensation (Route 3) between
cyclohexanone and phenol.> % Those reaction pathways may
happen, because cyclohexyl cation is also stable in ILs.%
However, both Route 2 and 3 are difficult to occur. As Route 1
is much faster than other routes, the majority of the reactant is
converted to cyclohexane, and the concentration of
cyclohexanone and cyclohexanol are low. Besides, the low
reactivity of cyclohexanone and cyclohexanol with proton also
made the reactions of Route 2 and 3 remain difficult.

To verify these assumptions, the reaction was stopped at 3 h
(the full reaction time was 10 h), and small amount of
cyclohexyl phenol, cyclohexyl cyclohexanone and bicyclohexyl
were observed. At the end of 10 h reaction, only bicyclohexyl

J. Name., 2015, 00, 1-3 | 5
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was detected. It is presumably that cyclohexyl phenol and
cyclohexyl cyclohexanone were completely converted to
bicyclohexyl. These small amount intermediate products are the
evidences for the Route 2 and 3. As a further proof,
cyclohexanol and cyclohexanone were used as substrates
respectively at the same condition without noble metal. Both
final mixtures contained bicyclohexyl, and cyclohexyl
cyclohexanone was detected as well when the substrate was
cyclohexanone. Some papers attributed their formation to the
Pt-catalyzed recombination of (partially) hydrogenated

OH , oH
|
1
1

Slow

]
Electrophilic aromatic substitutjon
Route 2 H, TFast

OH

Route 3

a Route 1 OH
+H, +H, + H
- = — —
Hydrogenation -H,0
0

DOI: 10.1039/C5GC03121D
Journal Name

monomeric species.** However, these recombination reactions
also occurred in the absence of noble metal, so the present of
proton should be the main reason for the formation of the side
produce bicyclohexyl. It was reported that cyclohexanol would
like to yield cyclohexene rather than cyclohexane when water
was used as the solvent?® It is supposed that IL has better
solubility of H, than water. Therefore, cyclohexene can be
hydrogenated to cyclohexane in spite of the absence of noble
metal.

OH

+H"
—_—
o ©_O

+ H,
By-Product
! o]
1
1
1 tH
1 >
|

Scheme 2 Reaction pathway of phenol in the catalytic hydrogenation treatment
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Aldol condensation LY ___
H;0" on
% —_
Jon% wr OH," , OH
1
1
Route 2
Route 3
B) Guaiacol

OH NPs/IL, HyPO, .
OCHj3 130 °C, H,: 5 MPa, 10 h

Yield/%
Yield/%

PA/ILL PUILL RWILL Ru/IL1

(O] [T}

6 | J. Name., 2015, 00, 1-3

Figure 7 Yield of products from HDO of guaiacol over Pd, Pt, Ru, Rh NPs prepared in
[Bmim]PFg and the result in Reference (Left); Yield of different ILs over Pt (Right) (T:
130 °C, P: 5 MPa,10 h; H3P0O, 0.1 g, [Bmim]PFs 2g, Substrates/Pt=100)

Compare with phenol, the -OCHj; group has large impact in the
HDO process. Guaiacol is converted to cyclohexane with a
selectivity of 91% at full conversion when Ru as the catalyst.
Except Ru, the performances of rest noble metals are not good.
It is supposed that the electron donating group may impede the
HDO reaction through stabilizing the transition state of
carbocation. -OCHj; group is a barrier to form cyclohexanol.
The detection of bicyclohexyl proved our proposed mechanism.
A possible mechanism is shown in Scheme 3 for the HDO of
guaiacol to cyclohexane and bicyclohexyl. After hydrogenation

This journal is © The Royal Society of Chemistry 20xx
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and ketone/enol isomerization, guaiacol may be converted into
2-methoxycyclohexanone. Reacting with hydrogen, 2-
methoxycyclohexanone is turned into methoxycyclohexanol.
Then methoxycyclohexanol can be  hydrolyzed to
cyclohexanediole, and afterwards cyclohexanediole would be
dehydrated into cyclohexanone very readily. It is speculated
that the methoxycyclohexanol reaction pathway is first through
acid-catalyzed hydrolysis to yield 1,2-cyclohexanediol and
followed by the (acid-catalyzed) dehydration of the
intermediate product to produce cyclohexanone.’® The
afterwards reaction pathway are similar to that of phenol, that is
the cyclohexanone convert into bicyclohexyl through aldol
condensation.

C) Diphenyl ether (4-0-5)
The results of diphenyl ether are similar to the results of phenol,
since it decomposes to phenol and benzene through C-O

OCH; | H OCHj3 H OCH3_ l-[*
Hydrogenatlon
Ketone/Enol isomerization

ARTICLE

cleavage. Significant amounts of recombination dimeric
compounds, bicyclohexane, were also observed as well. The
effect of noble metals, cations and anions of ILs are also similar
to the results of phenol. It is declared that the cleavage of C-O
can take place via either the acid-catalyzed hydrolysis or NPs-

% However, the conversion of

catalyzed hydrogenolysis.
diphenyl ether was failed without phosphoric acid under 5 MPa
H, at 130 °C for 10 h. So the only route at this reaction
conditions is that diphenyl ether is firstly hydrolyzed to phenol
and benzene through the acid site. Then the afterward steps are
the same as the HDO of phenol, so the products distribution of
diphenyl ether are the same with phenol. The only difference
between phenol and diphenyl ether is the good performance of
Pd NPs, and this phenomena owning to the easier
hydrogenation of benzene than phenol.

Y/ -H,0
HH / 2 —_— Main Product

Ketone/Enol isomerization

By-Product

Scheme 3 Reaction pathway of guaiacol in the catalytic hydrogenation treatment

Hydrogenolysis

©/0\© "
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OH

OH
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----------- OO0
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Hydrogenation O/ \O

Scheme 4 Reaction pathway of diphenyl ether in the catalytic hydrogenation treatment

NPs/IL, H3PO4
130“C H,: 5 MPa, 10 h

)

This journal is © The Royal Society of Chemistry 20xx

7

ST s 0 77 7

Yield/%
Yield/%

llihnesmy

N
"/7
%
|
_

2 )

.
/

D o D) 7 D 7

PAAILL 1Lt RivI ¢ \i"“‘ \@‘“ 6"“ $"SN’
6‘

N
a0 o o \@,o““‘\?, ¢

.
%
.
.
.
_
S o

2
2
=
£

Figure 8 Yield of products from HDO of guaiacol over the Pd, Pt, Ru, Rh NPs prepared in
[Bmim]PFg and the result in Reference (Left); Yield of different ILs over Pt (Right) (T:
130 °C, P: 5 MPa,10 h; H3P0O, 0.1 g, [Bmim]PFs 2g, Substrates/Pt=100)

J. Name., 2015, 00, 1-3 | 7

Please do not adjust margins


http://dx.doi.org/10.1039/c5gc03121d

Published on 16 February 2016. Downloaded by University of Saskatchewan on 22/02/2016 15:21:05.

Green Chemistry

D) 2-phenylethyl phenyl ether (B-O-4), Benzyl phenyl ether (a-O-
4) and Benzofuran (B-5)
@ 2-phenylethyl phenyl ether
NPs/IL, HyPO, O O/\
130 °C, Hy: 5 MPa, 10 h

(N

L

PanL1 PUILL RWILL RwILL q‘é ot 'ﬂ M
W W\ g
vz m e R v,«\““ \“‘o\“‘ P"o\“‘ o

am Benzyl phenyl ether

4 0 NPs/IL, H3PO4
130“C Hy: 5 MPa, 10 I

(N

Yield/%
Yield/%

Pa/ILL PUILL RWILI RuAIL1 N \"‘ >

‘(\ o IR
A0 = =0 R «»“‘ q,@\“ \v‘\\“‘ e \b“‘

(1IIT) Benzofuran
NPs/IL, H;PO,

MY +  Others
50 130 °C, Hy: 5MPa, 10 h

1) 2)

Yield/%
Conversion/%

) 4 /77|
¥ 3 o8 A B g%
Pd/IL1 PH/IL1 RWIL1 Ru/IL1 \ ?’ e =
- I PP\
20 o ¢ ¢ o ¢ o o

Figure 9 Yield of products over the Pd, Pt, Ru, Rh NPs prepared in [Bmim]PFg and the
result in Reference (Left); Yield of different ILs over Pt (Right) (T: 130 °C, P: 5 MPa,10 h;
H3P0O, 0.1 g, [Bmim]PF¢ 2g, Substrates/Pt=100)

B-O-4 bonds are the most abundant C-O bonds in lignin.® ¢
The HDO/C-O cleavage performed good to yield the
corresponding products, cyclohexane and ethylcyclohexane.
However, there are still side reactions to form bipolymer, such
as bicyclohexane and 1,2-dicyclohexylethane. Theoretically,
one mole 2-phenylethyl phenyl ether would yield one mole
cyclohexane and one mole ethylcyclohexane. Actually, the
amount of ethylcyclohexane is more than cyclohexane owing to

8 | J. Name., 2015, 00, 1-3
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less activity in the side reactions. Compare with cyclohexanol,
the 2-cyclohexylethanol is more inactive when reaction with
proton via electrophilic aromatic substitution and aldol
condensation, so majority of 2-cyclohexylethanol converts to
ethylcyclohexane.

The results of benzyl phenyl ether are similar to the results of 2-
phenylethyl phenyl ether conversion, and the Pt NPs shows the
best yield, while the Ru is the worst one due to the selectivity.
The yields of two main products are lower compared to other
metals. The highly reactive Ru NPs may be the reason for the
appearance of dominant side produce.

The catalytic activity of metal site for benzofuran is very
different from others reactants, which decreases with the order
of Pd > Rh ~ Pt >> Ru. The [Bmim]PF4 shows much better
performance in selectivity than the ILs with BF, or NTf, anions.

[BMIMIPF+Pd
[BMIMIPF,;+Rh|
[BMIMIPF +Rul
[BMIMPF Pt

[BMIMBF ;+Pt

[EMIMINTE+PY
[AMIMINTE+PY
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g

2
Y
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1
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1

1

1

1
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o
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8

°

o 20 4 6 80 100
Conversion (%) 80

100
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Figure 10 Comparsion between different ILs and NPs

3.2 The Effect of Metal, Anions and Cations of ILs

Converge all the results in one figure, the region with high
conversion and high selectivity is zoomed in to select the best
combination of IL and noble metal. The most versatile
combination is the Pt/[Bmim]PFs which provided full
conversion for most model compounds with selectivity higher
than 90%.

The catalytic selectivity of metal for HDO/C-O cleavage
decreased with the order of Pt > Rh ~ Ru >> Pd in most cases.
The precise method of titrating the number of active sites of
NPs hasn’t been found yet.°® In most cases, it is assumed that
only the surface atoms of NPs are active in catalytic reaction.*’
Thus the activity and selectivity are only attributed to the size
of the NPs and the type of unit cell of metal.

The mean sizes of NPs are estimated through TEM. The poor
performance of Pd NPs owing to their large particle sizes even
before reaction is clearly shown in Table 2 and Figure 10. The
better selectivity of Pt NPs than Rh and Ru NPs are
corresponding to the order of mean diameter Pt > Rh > Ru. The
smaller NPs with lager effective contact area with reactants are
more active in the catalytic reactions, while lead to more side
reactions with less selectivity. Comparing with the diameter
before the reaction, the slightly increased mean diameters of
NPs indicates the possibility of recycling.

Apart from particle size, the surface atom is determined by the
type of unit cell as well. The XRD data displays the type of unit
cell of NPs in Figure 5. The surface atoms of fcc are more than
these of hexagonal in the same size. So Pt and Rh NPs are more
active and less selective than Ru NPs when their sizes are the

This journal is © The Royal Society of Chemistry 20xx
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same in theory. While the selectivity decreases with the order
of Pt > Rh ~ Ru, so it is concluded that the activity and
selectivity are strongly dependent on the particle size rather
than the type of unit cell.

Considering the conversion depends on the nature of the IL as
well, a series of anions or cations are used in the conversion of
model compounds. A small decrease in selectivity is caused by
the increase in the length of alkyl chain of the cations. When
the length of the alkyl chain is six, the yield of main product
decreased obviously. The degree of organization in
imidazolium based ILs strongly depends on the presence of a
hydrogen atom at the C2 position of the imidazolium ring.®’-
With longer alkyl chain, the structure of ILs tends to have more
aggregations in microscale.’” 7' This non-uniform and co-
adjacent structure leads to the formation of instable NPs which
caused NPs agglomeration. Furthermore, a recent study has
state that the longer alkyl chain of cations resulted in smaller
NPs size.”> 7 Thus the shorter the alkyl chain leads to higher
the selectivity.

However, the anions of ILs have great impact on the reaction.
ILs with NTf2 and PFs anions are found to be more effective
than ILs with BF4 due to their different hydrophobic properties.
The hydrophilia of ILs may affect the reaction, since the NPs
are sensitive to water. The small amount of water may cause the
aggregation of NPs which would result in the deactivation of
catalysts. The gas solubility also strongly depends on the nature
of the anion while it has only a minor relation with the cation.”*
> 1t is believed that the higher gas solubility would contribute
to the hydrogenation. Since more hydrogen dissolved in ILs
than in water or most solvents, the possibility of the contact
between hydrogen and the surface of NPs would increase and
the activation of hydrogen by the NPs could also be easier. The
solubility of hydrogen in various ILs with different anions are
decreased with the following order: [Bmim]NTf, > [Bmim]PF¢ >
[Bmim]BF, > H,0.7%” In addition, the NPs size increases with
the size of the anions.*® The polar precursors are preferentially
dissolved in polar domains, then the reduction and NPs growth
occurs in the polar domains as well.®' Since the volume of the
polar domains are controlled by the size of anions, the NPs size
decreases linearly with the molecular volume of the anion in the
order of [Bmim]BF,; > [Bmim]PF4 > [Bmim]NTf;. As a result,
the order of selectivity is [Bmim]BF; > [Bmim]PFs >
[Bmim]NTf,, which is the same with the experiment results
except the [Bmim]BF,. The reason of low conversion in
[Bmim]BF,; may be caused by the large NPs size, which is
inactivate in the hydrogenation.

3.3 Conversion of Dealkalized Lignin and Organosolv Lignin

Using the best combination of Pt and [Bmim]PFs for
dealkalized lignin and organosolv lignin reactions at the same
conditions as previous, the liquid products yield is only 5% and
3%, respectively. The selectivity of main product cyclohexane
is accounting for 68% and 49%, respectively. In the reductive
depolymerisation step, C-O bonds in lignin with aromatic
network polymer chains are more inactive than these in model
compounds. The depolymerisation of dealkalized lignin and

This journal is © The Royal Society of Chemistry 20xx
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Figure 11 The effect of the amount and types of acid (T: 130 °C, P: 5 MPa, 10 h;
[Bmim]PFg 2g; Diphenyl ether /Pt=100)

organosolv lignin are more difficult to occur than the lignin
model compounds.

During the depolymerisation, self-condensation reactions of
the lignin fragmentation are forming new C-C bonds that may
be counteracting depolymerisation.?* In addition the cross-
linking reactions are more prone to occur under acid conditions
or in the presence of radicals.®® Nevertheless, it was unusually
to find products at such low temperature.®

3.4 The Effect of Acid

In Figure 11, the conversion of diphenyl ether increases with
the amount of acid at first, after the amount of acid is up to 0.1
g, the conversion is kept at 100%. The selectivity hardly
changed with the acid amount. One of the drawbacks of this
catalyst system is the un-avoided side reactions, and the
potential environmental damage by the dispose of phosphoric
acid even though it can be recycled. It is recommended to use
solid acids to replace it. A parallel experiment is carried out at
the same condition to use Amberlyst 15(H) as the catalyst
instead of H3PO,. The trend of conversion and selectivity are
similar to H;PO,. At the same dosage, the conversion of solid
acid is lower than H;PO,. And the optimal acid dosage is 0.15 g
which was larger than H;PO,. The slight lower activity of solid
acid may be caused by the limited mass transfer. Nevertheless
solid acid is still promising in this system.

3.5 The Recycling Test

The slightly increased in diameter after reaction indicates the
possibility of reusing the catalyst. After three times recycling,
the Pt/[Bmim]PFg still can full converts the substrate without
losing any activity. The inactivation of catalyst may be caused
by the increase of the size of the NPs after each reaction. The
lost of NPs at each run may another main reason as well.

J. Name., 2015, 00, 1-3 | 9


http://dx.doi.org/10.1039/c5gc03121d

Green-Chemistry Page 10 of 11

View Article Online
DOI: 10.1039/C5GC03121D

Published on 16 February 2016. Downloaded by University of Saskatchewan on 22/02/2016 15:21:05.

3. P. Gallezot, Chem. Soc. Rev., 2012, 41, 1538-1558.
100 4, J. R. Regalbuto, Science, 2009, 325, 822-824.
5. D. M. Alonso, S. G. Wettstein and J. A. Dumesic, Chem.
w | Soc. Rev., 2012, 41, 8075-8098.
6. J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and B. M.
Weckhuysen, Chem. Rev., 2010, 110, 3552-3599.
X 60t 7. J. A. Melero, J. Iglesias and A. Garcia, Energy Environ. Sci.,
= 2012, 5, 7393.
A0 8. D. R. Vardon, M. A. Franden, C. W. Johnson, E. M. Karp,
M. T. Guarnieri, J. G. Linger, M. J. Salm, T. J. Strathmann
20 H and G. T. Beckham, Energy Environ. Sci., 2015, 8, 617-628.
9. A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F.
0 Chen, M. F. Davis, B. H. Davison, R. A. Dixon, P. Gilna, M.
Run 1 Run 2 Run 3 Run 4 Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J.
@) v22) Tschaplinski, G. A. Tuskan and C. E. Wyman, Science, 2014,
Figure 12 Catalyst recycles of diphenyl ether (T: 130 °C, P: 5 MPa, 10 h; [Bmim]PFs 2g; 344, 1246843
) ’ N ’ 10. A. L. Jongerius, P. C. A. Bruijnincx and B. M. Weckhuysen,
Diphenyl ether /Pt=100)
Green Chem., 2013, 15, 3049.
11. M. Dugal, G. Sankar, R. Raja and J. M. Thomas, Angew.
. Chem. Int. Ed., 2000, 39, 2310-2313.
Conclusions 12. US Pat., 3,316,313, 1967.
Pt/[Bmim]PFg is an effective pseudo-homogeneous catalytic 13. A. J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek,
system for the C-O cleavage and HDO of lignin model J. Cairney, C. A. Eckert, W. J. Frederick, J. P. Hallett, D. J.
compounds. This catalytic system is capable of fully conversion Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. Templer and
of lignin model compounds at mild temperature with high T. Tschaplinski, Science, 2006, 311, 484'489"'
selectivity. The catalytic selectivity of metal for phenol 14. N. Yan, C. Zhao, P. J. Dyson, C. Wang, L. T. Liu and Y. Kou,
hydrodeoxygenation to cyclohexane and C-O cleavage of ChemSusChem, 2008, 1, 626-629.
ydro yg Y g .
) 15. C. Xu, R. A. Arancon, J. Labidi and R. Luque, Chem. Soc.
diphenyl e'ther was found to foll'ov'v the order .of Pt> Rh ~ Ru >> Rev., 2014, 43, 7485-7500.
Pd. The difference in the selectivity may mainly ascribe to the 16. E. Dorrestijn, L. J. Laarhoven, I. W. Arends and P. Mulder,
particle size as proven by TEM. The length of the alkyl chain in 1. Anal. Appl. Pyrolysis, 2000, 54, 153-192.
cation has slight impact on the selectivity, while the hydrophilic 17, H. Nimz, Angew. Chem. Int. Ed., 1974, 13, 313-321.
[Bmim]BF, could hardly convert the model compounds. The 18. F. S. Chakar and A. J. Ragauskas, Ind. Crops and Prod.,
recycling test is the evidence of the well robustness of the 2004, 20, 131-141.
catalyst which do not lose activity for at least 3 runs. The 19. K. Freudenberg, Nature, 1959, 183, 1152-1155.
conversions of dealkalized lignin and organosolv lignin showed 20 J. C. Pew, Nature, 1962, 193, 250-252.
the potential of this pseudo-homogeneous catalyst for offering a 21. S.J. Blanksby and G. B. Ellison, Acc. Chem. Res., 2003, 36,
practical process options for the production of cyclohexane 255'26.3' .
.. . . . 22. W.-J. Liu, H. Jiang and H.-Q. Yu, Green Chem., 2015, DOI:
from lignin even though the conversion is quite low.
. . . 10.1039/c5gc01054c.
NeYertheless, a meaningful advantage of this pro'cess is that the 73, A. G. Sergeev, J. D. Webb and J. F. Hartwig, J. Am. Chem.
main product cyclohexane accounts over 50% in the product Soc., 2012, 134, 20226-20229.
stream. Although these results are encouraging, future technical 24. M. Saidi, F. Samimi, D. Karimipourfard, T.
development needs focus on the ability of catalysts to tolerate Nimmanwudipong, B. C. Gates and M. R. Rahimpour,
high temperature. Energy Environ. Sci., 2014, 7, 103-129.
25. T. R. Viljava, R. S. Komulainen and A. O. I. Krause, Catalysis
Today, 2000, 60, 83-92.
Acknowledgements 26. C. Zhao, Y. Kou, A. A. Lemonidou, X. Li and J. A. Lercher,
This work was supported by International S&T Cooperation o, (9 AT ARE S SRE IR e
Program of China (2014DFA61670), National Natural Science 28, H. Stewart, M. Golding, L. Matia-Merino, R. Archer and C.
Foundation of China (No. 21210006, 21576269, 21276260, Davies, Food Res. Int., 2014, 66, 93-99.
21406230) and External Cooperation Program of BIC, Chinese 79, Y. Yang, H. Fan, J. Song, Q. Meng, H. Zhou, L. Wu, G. Yang
Academy of Sciences (No. GJHZ2013006). and B. Han, Chem. Commun., 2015, 51, 4028-4031.
30. C. Li, Q. Wang and Z. K. Zhao, Green Chem., 2008, 10, 177-
182.
Notes and references 31. J. Xin, D. Yan, O. Ayodele, Z. Zhang, X. Lu and S. Zhang,
Green Chem., 2015, 17, 1065-1070.
1. E. Feghali, G. Carrot, P. Thuéry, C. Genre and T. Cantat, 32. G. Chatel and R. D. Rogers, ACS Sustain. Chem. Eng., 2014,
Energy Environ. Sci., 2015, 8, 2734-2743. 2,322-339.
2. G. W. Huber, S. Iborra and A. Corma, Chem. Rev., 2006, 33. Y. Zhang and J. Y. G. Chan, Energy Environ. Sci., 2010, 3,

106, 4044-4098.

10 | J. Name., 2015, 00, 1-3

408-417.

This journal is © The Royal Society of Chemistry 20xx


http://dx.doi.org/10.1039/c5gc03121d

Page 11 of 11 Green-Chemistry

View Article Online
DOI: 10.1039/C5GC03121D

Published on 16 February 2016. Downloaded by University of Saskatchewan on 22/02/2016 15:21:05.

34, F. Guo, S. Zhang, J. Wang, B. Teng, T. Zhang and M. Fan, 66. A. P. Umpierre, E. de Jesus and J. Dupont, ChemCatChem,
Curr. Org. Chem., 2015, 19, 455-468. 2011, 3, 1413-1418.
35. J. Xu, X. Yao, J. Xin, X. Lu and S. Zhang, J. Chem. Technol. 67. J. N. A. Canongia Lopes and A. A. H. Padua, J. Phys. Chem.
Biot., 2015, 90, 2057-2065. B, 2006, 110, 3330-3335.
36. A. Stark, Energy Environ. Sci., 2011, 4, 19-32. 68. T. Gutel, C. C. Santini, K. Philippot, A. Padua, K. Pelzer, B.
37. J. F. Wishart, Energy Environ. Sci., 2009, 2, 956. Chaudret, Y. Chauvin and J.-M. Basset, J. Mater. Chem.,
38. S. Zhang, J. Sun, X. Zhang, J. Xin, Q. Miao and J. Wang, 2009, 19, 3624-3631.
Chem. Soc. Rev., 2014, 43, 7838-7869. 69. C. Shi, Y. Zhao, J. Xin, J. Wang, X. Lu, X. Zhang and S.
39. H. Liu, T. Jiang, B. Han, S. Liang and Y. Zhou, Science, 2009, Zhang, Chem. Commun. (Camb), 2012, 48, 4103-4105.
326, 1250-1252. 70. S. Chen, S. Zhang, X. Liu, J. Wang, J. Wang, K. Dong, J. Sun
40. J. Wildschut, M. Igbal, F. H. Mahfud, I. M. Cabrera, R. H. and B. Xu, PCCP, 2014, 16, 5893-5906.
Venderbosch and H. J. Heeres, Energy Environ. Sci., 2010, 71. K. Dong, Q. Wang, X. Lu, Q. Zhou and S. Zhang, in
3, 962. Structures and Interactions of lonic Liquids, eds. S. Zhang,
41. Z.li, R. S. Assary, A. C. Atesin, L. A. Curtiss and T. J. Marks, J. Wang, X. Lu and Q. Zhou, Springer Berlin Heidelberg,
J. Am. Chem. Soc., 2014, 136, 104-107. 2014, vol. 151, ch. 1, pp. 1-38.
42. J. Dupont, G. S. Fonseca, A. P. Umpierre, P. F. P. Fichtner  72. A. Banerjee and R. W. J. Scott, Green Chem., 2015, 17,
and S. R. Teixeira, J. Am. Chem. Soc., 2002, 124, 4228- 1597-1604.
4229. 73. P. Migowski, G. Machado, S. R. Texeira, M. C. Alves, J.
43. Y. Yuan, N. Yan and P. J. Dyson, ACS Catal., 2012, 2, 1057- Morais, A. Traverse and J. Dupont, PCCP, 2007, 9, 4814-
1069. 4821.
44, N. Yan, Y. Yuan and P. J. Dyson, Chem Commun (Camb), 74. J. L. Anthony, J. L. Anderson, E. J. Maginn and J. F.
2011, 47, 2529-2531. Brennecke, J. Phys. Chem. B, 2005, 109, 6366-6374.
45, J. D. Scholten, B. C. Leal and J. Dupont, ACS Catal., 2012, 75. J. Jacquemin, P. Husson, V. Majer and M. F. Costa Gomes,
2, 184-200. J. Solution Chem., 2007, 36, 967-979.
46. P. Migowski and J. Dupont, Chemistry, 2007, 13, 32-39. 76. J. Kumetan, A. Pérez-Salado Kamps, D. Tuma and G.
47. J. Dupont, R. F. de Souza and P. A. Z. Suarez, Chem. Rev., Maurer, J. Chem. Eng. Data, 2006, 51, 11-14.
2002, 102, 3667-3692. 77. J. Jacquemin, P. Husson, V. Majer and M. F. C. Gomes,
48. M. A. Gelesky, A. P. Umpierre, G. Machado, R. R. B. Fluid Phase Equilibria, 2006, 240, 87-95.
Correia, W. C. Magno, J. Morais, G. Ebeling and J. Dupont,  78. W. Afzal, X. Liu and J. M. Prausnitz, J Chem Thermodyn.,
J. Am. Chem. Soc., 2005, 127, 4588-4589. 2013, 63, 88-94.
49, L. S. Ott and R. G. Finke, Inorg. Chem., 2006, 45, 8382- 79. J. Jacquemin, M. F. Costa Gomes, P. Husson and V. Majer,
8393. J Chem Thermodyn., 2006, 38, 490-502.
50. C. Janiak, Zeitschrift fiir Naturforschung B, 2013, 68. 80. E. Redel, R. Thomann and C. Janiak, Inorg. Chem., 2008,
51. A. J. Bruss, M. A. Gelesky, G. Machado and J. Dupont, J. 47, 14-16.
Mol. Catal. A: Chem., 2006, 252, 212-218. 81. J. L. Anderson and D. W. Armstrong, Anal. Chem., 2003,
52. H. Wender, P. Migowski, A. F. Feil, S. R. Teixeira and J. 75, 4851-4858.
Dupont, Coord. Chem. Rev., 2013, 257, 2468-2483. 82. E. Dorrestijn, L. J. J. Laarhoven, I. W. C. E. Arends and P.
53. J. Dupont and J. D. Scholten, Chem. Soc. Rev., 2010, 39, Mulder, J. Anal. Appl. Pyrol., 2000, 54, 153-192.
1780-1804. 83. R. Rinaldi and F. Schiith, Energy Environ. Sci., 2009, 2, 610.
54. N. Yan, Y. Yuan, R. Dykeman, Y. Kou and P. J. Dyson, 84. J. B. Binder, M. J. Gray, J. F. White, Z. C. Zhang and J. E.
Angew. Chem., 2010, 49, 5549-5553. Holladay, Biomass and Bioenergy, 2009, 33, 1122-1130.
55. D. Y. Hong, S. J. Miller, P. K. Agrawal and C. W. Jones,
Chem. Commun. (Camb), 2010, 46, 1038-1040.
56. M. Benkhaled, C. Descorme, D. Duprez, S. Morin, C.
Thomazeau and D. Uzio, Appl. Catal., A, 2008, 346, 36-43.
57. J. Harris and S. Andersson, Phys. Rev. Lett., 1985, 55,
1583-1586.
58. B. Li and Z. Xu, J. Am. Chem. Soc., 2009, 131, 16380-
16382.
59. R. Anand, K. U. Gore and B. S. Rao, Catal Lett, 2002, 81,
33-41.
60. R. Anand, T. Daniel, R. J. Lahoti, K. V. Srinivasan and B. S.
Rao, Catal. Lett., 2002, 81, 241-246.
61. J. Xin, S. Zhang, D. Yan, O. Ayodele, X. Lu and J. Wang,
Green Chem., 2014, 16, 3589-3595.
62. T. Xu, E. J. Munson and J. F. Haw, J. Am. Chem. Soc., 1994,
116, 1962-1972.
63. J. W. Lee, J. Y. Shin, Y. S. Chun, H. B. Jang, C. E. Song and
S.-g. Lee, Acc. Chem. Res., 2010, 43, 985-994.
64. B. Guvenatam, O. Kursun, E. H. J. Heeres, E. A. Pidko and
E. J. M. Hensen, Catalysis Today, 2014, 233, 83-91.
65. M. Phillips, J. Am. Chem. Soc., 1927, 49, 2037-2040.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2015, 00, 1-3 | 11


http://dx.doi.org/10.1039/c5gc03121d

